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Proteins are complex macromolecules that play a critical role in all biological processes. Their ability to
change shape, or conformation, in response to environmental factors is intimately linked with function.
Thus, understanding the mechanisms underlying conformational change is imperative for complete
understanding of protein function(s), and an overall comprehension of biological systems. This work
explores the structural and dynamic attributes of conformational exchange in the C-terminal domain of
pore-forming toxin Hemolysin II (HlyIIC), and the coiled-coil leucine zipper, GCN4p, using nuclear
magnetic resonance (NMR). The HlyIIC domain contains a sole proline at position 405 that leads to equal
populations of cis and trans states in thermodynamic equilibrium. NMR structure determination revealed
that HlyIIC has a novel topology, consisting of five β-strands and two α-helices arranged in a
“pseudobarrel fold” held together by a core consisting of three layers of hydrophobic amino acids.
Isomerization of the G404-P405 peptide bond induces movement of the proline-containing loop, causing
perturbations in adjacent loops, and smaller changes at distant sites transmitted through core hydrophobic
side chains. The cis/trans equilibrium is temperature dependent, with the trans state favored entropically,
and the cis state favored enthalpically. A trans-stabilized variant of the domain, P405M-HlyIIC, exists in
a monomer/dimer equilibrium that shifts in a concentration and temperature dependent manner.
Preliminary structural studies by NMR show domain swapping of β5. Further investigation can help to
elucidate the structural significance of P405. To understand how changes in electrostatic charge
interactions affect protein structure we determined the NMR structures of the GCN4p coiled-coil
homodimer at three pH values. The structures show that as the pH went from neutral to acidic, and ionpair interactions are broken, there is an unwinding of the coiled-coil superhelix, yet the helical character
of the monomers is retained. Side chain dynamics increased at lower pH, notably for residues that
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participated in intermolecular ion pairs. NMR provides the unique advantage of studying proteins in
solution, and allows changes in structure and stability to be probed as solution conditions are altered.
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Chapter One. Introduction
Protein structure and function are linked.
Proteins are biomolecular machines required for nearly all biological processes. They have a three
dimensional structure which is able to change shape, or conformation, to promote intermolecular
interactions, and respond to environmental factors such as pH, and temperature. This plasticity, known as
conformational change, is necessary in biochemical reactions like enzyme catalysis [1, 2], protein-protein
interactions [3, 4], and cellular signaling events [2, 5, 6]. Structure is closely linked to function, so
investigating the conformational variability of proteins is an essential part of understanding their
functional roles in the processes that govern life.
Described here are the solution structures solved for multiple conformational states of the Cterminal domain of β-pore-forming toxin Hemolysin II (HlyIIC), and the GCN4p coiled-coil homodimer
at three different pH values. The previously uncharacterized HlyIIC domain was found to have
conformational heterogeneity due to cis/trans proline isomerization. The goal of my project was to solve
the solution structures of each conformational state of HlyIIC in order to help elucidate its physiological
role in the context of the Hemolysin II toxin. The goal of the GCN4p project was to solve the solution
structures of GCN4p at neutral and acidic pH to illustrate structural and dynamic modifications that occur
as a result of changing electrostatic interactions.

Figure 1-1. Proline cis/trans isomerization of a Gly-Pro peptide bond.
1

Intrinsic and environmental factors that govern conformational exchange
Proline is a unique amino acid with specific structural features that are exploited for protein
function. Because it has an imino rather than amino group there is no amide proton, which would allow
hydrogen bonding interactions that typically stabilize α-helix or β-sheet structure. Proline is therefore
frequently found in turns or loops. Generally, amino acids exist in the trans state due to the high energy
barrier imposed by the partial double bond character of the peptide bond, and steric clash that would
occur between R-groups. Proline has the ability to adopt a cis or trans conformation due to its cyclic side
chain where both forms are nearly isoenergetic, though the trans form is slightly favored [7]. The
cis/trans isomerization of proline (Figure 1-1) has been shown to play an important role in conformational
changes in proteins to elicit function. An example of this is observed in the Src homology domain (SH2)
of the Interleukin-2 tyrosine kinase. SH2 and SH3 domains mediate protein-protein interactions in signal
transduction pathways that are activated by tyrosine kinases [8]. The SH2 domains binds to
phosphoproteins, and SH3 domains bind to polyproline peptides which contain prolines and hydrophobic
amino acids [8, 9]. The SH2 domain contains a proline at position 287 in the CD loop. A study by Mallis
et al demonstrates that cis/trans isomerization of P287 changes the CD loop to favor binding to either
SH3, or a phospholigand. When P287 is in the cis configuration the CD loop and neighboring amino acids
are oriented in a way that creates a surface chemically similar to the polyproline ligand of SH3. When
P287 is in the trans conformation the polyproline “core” is inaccessible, but binding of a phospholigand
stabilizes the trans state. In this way, cis/trans isomerization of P287 demonstrates conformer specific
ligand binding in SH2 [9]. A similar effect is seen in the SH3 domains of the Crk signaling protein [10].
Proline isomerization causes structural rearrangement resulting in two distinct binding interfaces, the cis
form promotes interactions between the two SH3 domains for an autoregulatory control effect, and the
trans conformation is in an open state that is available to bind ligands [10].
Conformational changes in proteins can also be induced by environmental factors, such as pH. An
example is Nitrophorin 4 (NP4), which is a nitrous oxide (NO) carrier heme protein found in the saliva of
kissing bugs and bedbugs. The purpose of NO is to cause vasodilation and inhibit platelet aggregation in
2

the host [11, 12]. NP4 binds NO in a pH dependent manner. NP4 tightly binds NO in the salivary glands
of the bugs at pH 5, when transmitted to the host, blood pH is ~7.4 and NP4 undergoes a conformational
change that lowers affinity for NO, releasing it into the host [12].

NMR spectroscopy to study conformational change
In this work, NMR was used to explore the structural and dynamic properties of proteins that
undergo conformational exchange. NMR provides the distinct advantage of being able to study proteins in
solution where conditions can either be tuned to mimic the physiological environment, or manipulated to
extreme conditions that disrupt protein structure [13]. NMR can also be used to study high energy
intermediates that may occur in between the folded and unfolded states [14], and to investigate
conformational exchange over time, where structural fluctuations can be measured with atomic resolution
on timescales ranging from picoseconds to seconds [15-19]. Because most biological processes happen
within this time range, the ability to study dynamic fluctuations is significant in understanding how
structure relates to function [16, 17, 20]. Nuclear spin relaxation experiments can measure fluctuations on
the ps-ns timescale, and reports on flexibility in the protein backbone [20, 21]. Motions on the μs-ms
timescale, such as enzyme catalysis, can be studied using exchange spectroscopy [20, 22, 23], and
movements such as side chain reorientation, loop motion, and secondary structural changes can be
measured using relaxation dispersion experiments [22]. Slower motions on the order of seconds, such as
protein folding, proline isomerization, and domain movements can be observed using real-time NMR
techniques, or hydrogen-deuterium exchange [22, 24]. Thus, NMR is a powerful tool that combines
structural and dynamic information to provide valuable insights into proteins behavior under different
conditions.

3

Chapter Two. Materials and Methods
Expression and Purification of HlyIIC.
A pET28b plasmid containing amino acids D319-412 (HlyIIC) of the full length Hemolysin II
toxin from Bacillus cereus (ATCC 14579) was provided by Dr. Rich Olson’s lab [25]. The construct
contains a His6 metal affinity tag for purification which was inserted before the recombinant gene,
followed by a thrombin cut site. The resulting HlyIIC fragment contains the N-terminal sequence GSHM
which is an artifact of the cloning construct, and is not included in the numbering scheme. Recombinant
HlyIIC was transformed into and expressed in Escherichia coli BL21(DE3)/LysS cells which have a T7
expression system. Overnight 10mL cultures were grown at 37°C in Luria Broth (LB) with 30 μG/mL
kanamycin. Culture was then added to 1L LB (100-fold dilution) and grown in a shaking incubator at
37°C to OD600 ~ 0.6. Cells were centrifuged for 15 minutes at 5,000rpm, washed with unlabeled M9 salts,
and then resuspended in isotopically labeled M9 minimal media and added to a new 1 L labeled minimal
media culture. Cells were left to recover in the shaking incubator for 1 hour at 37°C, followed by an 18
hour induction. Cells were centrifuged at 4°C for 10 minutes at 6,000rpm and resuspended in Tris buffer
(20 mM Tris pH 7.5, 150 mM NaCl) for a final volume of 15 mL. Phenylmethylsulfonyl fluoride
(PMSF), a generalized serine protease inhibitor, was added to the cell pellet for a final concentration of 1
mM. Pellet was sonicated and lysate was centrifuged at 4°C for 15 minutes at 15,000 rpm. Supernatant
was run over a nickel column to purify the His6-tagged HlyIIC. Peak fractions containing His6-tagged
HlyIIC, checked by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE), were
pooled and concentrated using a Millipore-Amicon centrifugal filter device (Centricon) with molecular
weight cutoff of 3kDa. His6-HlyIIC was dialyzed into 20 mM low salt (50 mM NaCl) sodium phosphate
buffer overnight. For cleavage of the N-terminal His-tag, bovine thrombin was added to purified HlyIIC
in a 1:100 w/w thrombin to protein ratio and placed on a nutator for 2 hours at room temperature.
Thrombin was quenched using PMSF. Since HlyIIC has a high pI of 8.8, cation exchange
chromatography was utilized for the removal of thrombin and PMSF. Peak fractions were pooled and
concentrated using the aforementioned Centricon. Purity was checked by running peak fractions from
4

both purifications on 15% SDS-PAGE gels. Cloning artifact Gly-Ser-His-Met remained on the N-terminal
of HlyIIC, but were not detected by NMR, likely because these residues are unstructured and are subject
to fast amide proton exchange with solvent.

NMR Sample Preparation.
Shigemi NMR microcells were utilized for all experiments, as they minimize the required sample
volume to ~150-250 μL. Proton chemical shifts were referenced against the internal standard DSS (2,2dimethyl-2-silapentane-5-sulfonate). Carbon and nitrogen shifts were referenced indirectly based on the
literature [26].

WT-HlyIIC and P405M-HlyIIC.
Lyophilized samples of P405M-HlyIIC and WT-HlyIIC were taken up in 20 mM NaH2PO4
buffer, pH 6.1 supplemented with 5% w/v NaN3 to inhibit bacterial growth for final protein
concentrations of 0.4 mM for P405M-HlyIIC, and 1.0 mM for WT-HlyIIC. All experiments for NMR
assignment of P405M-HlyIIC were performed at 15°C in order to suppress signals from a dimeric form of
the domain seen at higher temperatures and concentrations, while experiments for structure determination
of WT-HlyIIC were performed at 37°C.

GCN4p.
NMR experiments for GCN4p were performed on samples containing 1.5 mM 13C and 15N
labeled GCN4p monomer (0.75 mM dimer), in 10 mM NaCl, and 10 mM sodium phosphate buffer at pH
6.6, 4.4, and 1.5. All experiments were collected at 25°C. Samples were purified and provided by Dr.
Richard Kammerer from the Division of Biology and Chemistry at the Paul Scherrer Institut in
Switzerland according to the protocol in reference [27]
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Nuclear Magnetic Resonance Spectroscopy.
All spectra were collected on 600MHz and 800MHz Varian INOVA spectrometers, equipped
with cryogenic probes. Pulse programs for 2D and 3D experiments were implemented from the Varian
ProteinPack software. All of the following data was processed using FELIX-NMR and NMRPipe [28],
and analyzed with CcpNmr Analysis v.2.4.2 [29]. All data processing and analysis was made possible by
NMRbox: National Center for Biomolecular NMR Data Processing and Analysis, a Biomedical
Technology Research Resource (BTRR) [30].

WT-HlyIIC and P405M-HlyIIC
Assignment of 1H, 13C, and 15N resonances was accomplished for all WT-HlyIIC and P405MHlyIIC samples as follows: double labeled 15N and 13C samples were used for triple resonance throughbond backbone experiments HNCACB, HNCO, HN(CA)CO , HNCA, and HN(CO)CA which allowed
for the assignment of peptide backbone atoms by the sequential walk method , [31-33]. Aliphatic side
chain assignments were obtained from 1H-1H TOCSY, 1H-13C HSQC, CCH-TOCSY experiments, and the
through-space 13C-edited NOESY-HSQC. Single labeled 15N samples were used for HNHA and HNHB
experiments for stereospecific assignment of methylene protons, along with a through-space 15N-edited
NOESY-HSQC. For aromatic side chain assignments, a 15N sample was taken up in 99.96% D2O to
obtain a 2D DQF-COSY, and two 1H-1H NOESY spectra one with a short 50ms mixing time, and another
with a 150ms mixing time. For WT-HlyIIC, hbcbcgcdhdA and hbcbcgcdheA experiments were collected
which correlate the Cβ with Hδ and Hε of the aromatic ring respectively [34]. This was to resolve any
ambiguity in aromatic ring assignment between the cis and trans data. Hydrogen bonds were determined
from a long-range HNCO experiment [35] collected in TROSY mode on a triple labeled 2H,13C,15N
sample (provided by Dr. Rich Olson’s lab). The long-range HNCO differs from the conventional HNCO
experiment by increasing the INEPT transfer time between Ni and C'j which shows a correlation between
the amide nitrogen of the donor, and carbonyl carbon of the acceptor through a JNC’ scalar coupling.

6

P405M-HlyIIC dimer.
Experiments to study the P405M-HlyIIC dimer were carried out at 600 MHz field strength on 0.8
mM samples in 90% 20 mM sodium phosphate buffer and 10% D2O, and collected at 33°C. Backbone
atoms were assigned using 15N-HSQC, HNCACB, HNCO, 15N-TOCSY (60ms mixing time), and 15NNOESY (125ms mixing time) spectra. Intermolecular interactions necessary for distance constraints were
determined using a 13C-filtered NOESY [36] (200ms mixing time) using a mixed sample of 1:1 13C
labeled to unlabeled P405M-HlyIIC for a final concentration of 0.8 mM. Sample was incubated at 37°C
overnight to induce mixed-chain dimer formation, and experiment was run at 33°C.

GCN4p
Previously published 1H, 13C, and 15N assignments for native GCN4p (BMRB accession code
15316) [37] were extended with three-dimensional HNCACB, HNCO, and CCH-TOCSY experiments
recorded at each of the three pH values [31, 32]. Additional 200 ms mixing time 3D 15N- and 13C-edited
NOESY-HSQC spectra [38, 39] at each pH value were used to obtain distance restraints for structure
calculations. Chemical shifts were deposited to the BMRB with accession codes for pH 6.6 (30027), pH
4.4 (30028), and pH 1.5 (30029).
To identify interchain distance contacts in GCN4p, a sample of mixed dimer was used consisting
of 13C and 12C monomers. Samples of natural abundance [12C]GCN4p and isotopically enriched
[13C]GCN4p were mixed in 6M urea, conditions under which the protein is an unfolded random coil. To
remove urea, the mixed sample was dialyzed with a 3.5 kDa cutoff filter, once against 1M NaCl and three
times against 10 mM NaCl and 10 mM sodium phosphate. Analysis of the ratio of NMR signals from
[12C]GCN4p to the doublets that result from 1J1H−13C splitting in [13C]GCN4p using assigned aromatic
resonances in the one-dimensional 1H NMR spectrum, showed that the 13C:12C GCN4p ratio was 2:1,
corresponding to a concentration of the mixed [12C/13C]GCN4p dimer of ∼0.25 mM in the sample that
had a total dimer concentration of 0.75 mM. Interchain NOEs that were used for distance constraints were
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obtained at each pH from sensitivity-enhanced 3D 13C-F1-filtered, and 13C-F3-edited NOESY-HSQC
experiments collected at 25°C, and with a 200 ms mixing time [36, 38, 39].

NMR Structure Determination.
All of the following structure calculations were performed using the distance geometry/ simulated
annealing protocol of Xplor-NIH [40], and were subsequently refined in an explicit water shell using
ARIA 2.3 [41].

WT-HlyIIC and P405M-HlyIIC
For all HlyIIC structures, distance constraints, which provide information on local structure, were
obtained from through-space 13C and 15N-edited NOESY HSQC experiments [38, 39](125 ms mixing
times) which show interproton distances between 1.8Å-5.0Å. Backbone (φ and ψ), and sidechain (χ1)
dihedral angles, which limit peptide bond torsion, were obtained from the programs DANGLE [42], and
TALOS-N [43, 44] using NH, Hα, N, Cα, Cβ, and C' chemical shifts [42, 43]. Hydrogen bonds, which
constrain secondary structural elements, were determined from a long-range HNCO experiment described
previously. NMR restraints and structural statistics for P405M-HlyIIC, WT-HlyIIC, and the P405MHlyIIC dimer are reported in Table 4-1, and 5-1 repectively. The 25 non-violated, lowest energy
structures were submitted to the PDB with accession codes 2N67 for P405-HlyIIC, 6D53 for trans WTHlyIIC, and 6D5Z for cis WT-HlyIIC.

P405M-HlyIIC Dimer.
Structure calculations for the P405M-HlyIIC dimer included intramolecular distance constraints
from 15N and 13C-edited NOESY HSQC experiments with 150ms and 100ms mixing times respectively,
as well as interchain restraints that were obtained from a 13C-filtered NOESY HSQC experiment with a
200ms mixing time. Non-crystallographic restraints and collinear intermolecular restraints were employed
to maintain subunit symmetry. Dihedral φ and ψ angles were obtained from TALOS-N [44] using
8

backbone NH, N, Cα, and Cβ chemical shifts. Intramolecular hydrogen bonds were kept consistent for
each monomer, with the exception of hydrogen bonds connecting strands β3 and β5 which were made
interchain due to evidence of domain swapping from the 13C-filtered NOESY spectrum. The P405MHlyIIC dimer structure is currently in the process of water refinement, and does not yet have a PDB
accession code.

GCN4p
NMR structures of GCN4p were determined at the three pH values 6.6, 4.4, and 1.5. Dihedral φ,
ψ, and χ1 angles were obtained from assigned NH, Hα, N, Cα, Cβ, and C' chemical shifts with TALOS-N
[44]. Intramonomer distance restraints at each pH value were obtained from 15N- and 13C-edited NOESYHSQC spectra [38, 39]. Interchain distance restraints were from the 13C-filtered NOESY-HSQC spectra
[36]. Regular α-helix C'(i)−NH(i + 4) hydrogen bond restraints were included for residues 5−30 at pH 6.6
to remain consistent with H-bonds observed in the 2ZTA crystal structure. The same H-bonds were
included for the pH 4.4 structure because all amide protons from this region that were resolved in the
NMR spectrum showed protection from hydrogen exchange (HX). At pH 1.5, 10 H-bond restraints were
excluded for residues 7, 11, 13, 15−18, 20, 21, and 28, because their amide proton showed no HX
protection. Non-crystallographic restraints were employed, and intermolecular restraints were made
collinear to maintain subunit symmetry. The top 20 non-violated lowest energy structures for GCN4p
were submitted to the PDB with accession codes 5IEW (pH 6.6), 5IIR (pH 4.4), and 5IIV (pH 1.5).

Relaxation Measurements by Nuclear Magnetic Resonance.
WT-HlyIIC and P4054M-HlyIIC
Backbone dynamics of P405M-HlyIIC and WT-HlyIIC were investigated using 15N longitudinal
(R1), transverse (R2), and cross-relaxation (1H-15N NOE) experiments [45, 46]. All relaxation data was
acquired at a field strength of 800 MHz and 15°C. R1 values were obtained using interleaved relaxation
delays of 0.05, 0.13, 0.21, 0.49, 0.57, 0.71 and 0.99 s. R2 values were determined using interleaved
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relaxation delays of 0.01, 0.03, 0.05, 0.07, 0.09, 0.11, 0.15, 0.25 s. A 2 s pre-acquisition delay was used
for recovery to thermal equilibrium. Relaxation rates were obtained from least squares fitting of an
exponential decay model (equation 2.1), where I0 is the initial magnetization, τ is the relaxation period,
and R1,2 is the relaxation rate for longitudinal or transverse relaxation respectively.

𝐼(𝑡) = 𝐼0 𝑒 −𝜏∗𝑅1,2

Equation 2.1

Values for 1H-15N NOE were obtained from spectra collected in an interleaved manner, one where proton
signals were saturated for 4s and, a control spectrum in which the saturation period was replaced by a preacquisition delay of equivalent length. Heteronuclear NOEs values were calculated by taking the ratio of
saturated Is to control Ic peak intensities (equation 2.2).

𝑁𝑂𝐸 =

𝐼𝑠
𝐼𝑐

Equation 2.2

Uncertainties in the 1H-15N NOE values were determined using equation 2.3, where ∆I is the RMSD
baseline noise for the selected peak [47].

𝜎𝑁𝑂𝐸 =

𝐼(𝑠)
𝐼(𝑐)

∆𝐼(𝑠)

√(

𝐼(𝑠)

2

∆𝐼(𝑐)

) + (𝐼

(𝑐)

2

)

Equation 2.3

The processing and analysis of relaxation parameters was done according to published methods
[47]. Model-free analyses [21] of the 15N relaxation data to obtain S2 order parameters and R2ex
conformational-exchange terms were performed with the program Tensor2 [45].
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P405M-HlyIIC Dimer.
Relaxation experiments [46] were used to compare the R2’s of the P405M-HlyIIC monomer and
dimer to confirm the oligomeric state. Spectra were acquired at a field strength of 600 MHz at 33°C on a
1 mM sample of 15N and 13C labeled P405M-HlyIIC. Relaxation delays of 0.01, 0.03, 0.05, 0.07, 0.09,
0.11, 0.15, and 0.25 s were used. Data was processed and analyzed as described above.

GCN4p
Backbone dynamics on the picosecond to nanosecond time scale were characterized with 1H−15N
NOE relaxation data collected at 25°C. The 1H−15N NOE data were obtained from saturated and control
spectra as previously described, where the proton signals were saturated for 3s and control experiments
had an equivalent preacquisition delay. 1H−15N NOE values and their associated uncertainties were
calculated as previously described [47].
Side-chain dynamics were investigated by measuring T1ρ values [48] for methylene carbons in
samples of 1.5 mM 13C labeled GNC4p dissolved in 99.96% D2O, at pH 6.6 and 1.5. The T1ρ spectra
were recorded at 600 MHz and 25 °C. A preacquisition delay of 2s was used, and eight T1ρ relaxation
times of 10, 40, 70, 100, 130, 160, 190, and 250 ms were sampled. T1ρ time constants were obtained
from exponential fits of decays in 1H−13C cross-peak intensities with relaxation time. Uncertainties were
taken as the standard errors of the fits.

Hydrogen Exchange by Nuclear Magnetic Resonance.
WT-HlyIIC and P405M-HlyIIC
Hydrogen exchange (HX) experiments on 0.4 mM samples of WT-HlyIIC and P405M-HlyIIC
were performed at 10°C on a 600 MHz Varian spectrometer at pH 6.2. Initiation of hydrogen exchange
began upon dissolving 15N-labeled samples in 99.96% D2O. 1H-15N HSQC spectra were recorded as a
function of time, WT-HlyIIC experiments were collected over 13.25 hours, and P405M-HlyIIC
experiments were collected over 16.5 hours. Due to loss of signal over time as a consequence of hydrogen
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exchange. Decays of 1H-15N crosspeak intensities with D2O incubation times were fitted to single
exponentials with a 2-parameter fit (equation 2.4) to obtain HX rate constants using Kaleidagraph version
4.5.

𝑦 = 𝐼0 𝑒 (−𝑇∗𝑥)

Equation 2.4

Variables in equation 2.4 are defined as I0 being the initial magnetization, T is time, and x is the exchange
rate.

GCN4p
Hydrogen exchange (HX) experiments were performed at pH 4.4 and 1.5 and a temperature of
10°C, for comparison with previously published data recorded at pH 7.0 and 10°C [49]. To initiate HX,
15

N-labeled GCN4p was dissolved to a monomer concentration of 1.5 mM in 99.96% D2O. Decays of

H−15N HSQC cross-peak intensities as a function of D2O incubation time were fitted to Equation 2.4, to

1

calculate HX lifetimes and their associated uncertainties as described above.

Experiments Specific to the Monomeric P405M-HlyIIC:
Modelling of Full Length HlyII. (Performed by Dr. Andrei Alexandrescu)
The core structure of HlyII was modeled using the homologous S. aureus α-hemolysin toxin with the
Swiss-Model server (https://swissmodel.expasy.org) [50]. The NMR structure of the non-conserved
HlyIIC domain was linked and docked to the homology model of the HlyII core structure with the Ab
Initio Domain Assembly (AIDA) server (http://ffas.sanfordburnham.org/AIDA/), a program used to
predict the relative orientations of domains in multi-domain proteins [51]. A model of the heptameric
membrane-spanning pore, was constructed by superposing the HlyII-core structure calculated with AIDA
onto each of the seven protomers in the α-hemolysin structure.
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Experiments Specific to WT-HlyIIC:
Exchange Spectroscopy of WT-HlyIIC.
To measure the kinetics of cis/trans interconversion of WT-HlyIIC, ZZ-exchange spectroscopy
(EXSY) was employed [52]. The experiment utilizes heteronuclear longitudinal magnetization to measure
the exchange rate of interconverting species. To ensure the proper functioning of the pulse sequence, and
test the range of experimental parameters, control experiments were done using a 1.1 mM sample of a
L25G mutant staphylococcal nuclease, at 30°C, as exchange peaks for this protein have been observed
previously [53]. Mixing times used for control experiments were 0.42 s and 0.84 s. Experiments for WTHlyIIC were performed on a 0.85 mM sample of 15N labeled WT-HlyIIC in 20 mM sodium phosphate
buffer at 37°C. The mixing times for the WT-HlyIIC experiments were initially arrayed using 1D spectra
in order to observe peak intensities at different mixing times: 0.007, 0.07, 0.12, 0.42, 0.84, and 1.68 s.
Based on the observations from the 1D spectra, an optimal range of mixing times for crosspeak
observation in 2D experiments were selected (0.42, 0.63, 0.84, and 1.68 s).
To increase the rate of cis/trans interconversion, unlabeled human cyclophilin A (Novus
Biologicals, Littleton Colorado), a peptidyl prolyl isomerase (PPI), was added to the sample for a final
concentration of 20 μM, and spectra were collected with 0.42 s and 0.63 s mixing times.

Circular Dichroism (CD) Spectroscopy of HlyIIC.
To measure the stability of WT-HlyIIC to unfolding, solutions of 10 μM WT-HlyIIC in 20 mM
sodium phosphate buffer, pH 6.0 were prepared with the addition of urea concentrations ranging from 0-6
M in 0.1 M increments. A set of control samples containing 20 mM sodium phosphate buffer, pH 6.0 and
0-6 M urea were prepared in the same fashion for baseline measurements. Concentration of urea was
checked using a refractometer (Carl Zeiss, Germany). All samples were incubated overnight at 298 K to
establish equilibrium. CD spectra were collected on a Chiroscan V100 from Applied Photophysics
(Leatherhead, UK) with a large area avalanche photodiode (LAAPD) detector. Signal was averaged for 20
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scans per sample at 220 nm, with a slit width of 2 nm, in a 10 mm pathlength cell. ΔGspec was calculated
using Kaleidagraph from a non-linear least squares fit using Equation 2.5 [54]:

[(∆∈𝑁 + 𝑚𝑁 [𝐷])+(∆∈𝑈 + 𝑚𝑈 [𝐷])∗𝑒𝑥𝑝−(

∆∈ =
[1+𝑒𝑥𝑝−(

∆𝐺°𝑁−𝑈 𝑚𝐺 [𝐷]
+
)]
𝑅𝑇
𝑅𝑇

∆𝐺°𝑁−𝑈 𝑚𝐺 [𝐷]
+
)]
𝑅𝑇
𝑅𝑇

Equation 2.5

The variables in the equation above are defined: ∆∈𝑁 and ∆∈𝑈 are the intercepts of the pre and post
unfolding plateaus, respectively, 𝑚𝑁 and 𝑚𝑈 are the slopes of the pre and post unfolding plateaus,
°
respectively. [D] is the urea, or denaturant, concentration. ∆𝐺𝑈/𝐹
is the free energy change as the protein

transitions between the native state to unfolded in the absence of denaturant. 𝑚𝐺 is the slope of the line
generated by the linear dependence of free energy for unfolding as a function of [D]. R is the ideal
constant (1.987x10-3 kcal/mol*K was used for calculations in this work), and T is the absolute
°
temperature. ∆∈𝑁 , ∆∈𝑈 , 𝑚𝑁 , 𝑚𝑈 , 𝑚𝐺 , and ∆𝐺𝑁−𝑈
were used as fitting parameters in the non-linear least

squares fit.

Denaturation Experiments by NMR.
To understand the conformational contribution to stability for WT-HlyIIC a thermodynamic
linkage analysis in which the equilibrium constants for the cis/trans interconversion were determined for
the native and unfolded states. NMR experiments for the native state were obtained from a temperature
titration by NMR described below. Denatured experiments were carried out on a sample of 13C and 15N
labeled 1.2mM WT-HlyIIC incubated in 6 M urea and left to sit at 4°C for at least 2.5 hours prior to NMR
experiments. A 1H-15N HSQC confirmed that the protein was unfolded, showing a lack of peak
dispersion, with resonances concentrated in the random coil region of the spectrum between 7.5 ppm-8.7
ppm. 1H-15N HSQC spectra of WT-HlyIIC in 6 M urea were collected at 15°C, 20°C, 25°C, 30°C, and

14

37°C for determination of thermodynamic parameters using the Van’t Hoff equation. To aid in minor
form peak assignment in the 1H-15N HSQC, an HNCACB, and HNCO were collected at 25°C.

Temperature Titration of WT-HlyIIC by NMR.
To evaluate the cis/trans equilibrium dependence on temperature, and determine the
thermodynamic parameters of WT-HlyIIC, NMR spectra were collected on a 0.1 mM sample of 15N
labeled WT-HlyIIC in 20mM sodium phosphate buffer, pH 6.0. Temperatures tested were 4°C, 10°C,
15°C, 25°C, 30°C, and 37°C. The ratio of trans:cis peak heights, which indicate relative amounts of each
conformer in solution, were analyzed at each temperature for residues that show well resolved peaks for
each conformation. Determination of thermodynamic parameters ΔH and ΔS was accomplished through
fitting the temperature titration data to the linear Van’t Hoff equation (Equation 2.6) [55]:

ln (𝐾𝑡𝑟𝑎𝑛𝑠 ) = −
𝑐𝑖𝑠

∆𝐻
𝑅

1

(𝑇) +

∆𝑆
𝑅

Equation 2.6

Where K is the equilibrium constant for cis → trans, R is the ideal gas constant (in J/mol*K), and T is the
absolute temperature. The change in enthalpy (ΔHFt/Fc) was calculated from the slope of the linear
equation, and change in entropy (ΔSFt/Fc) was calculated from the y-intercept.

Experiments Specific to Studying the P405M-HlyIIC Dimer:
Diffusion Spectroscopy.
Data was collected at a field strength of 600MHz using the phase sensitive, sensitivity enhanced
3D DOSY pulse program [56]. To promote formation of the homodimer, a 0.67 mM sample of P405MHlyIIC was used and experiments were done at 33℃. A total of six gradients were arrayed (gzlvl): 0,
1300, 13320, 18790, 22995, 29670, and 32500 with a duration of 0.002 s. Followed by a diffusion delay
of 0.05 ms. The spectra were collected in an interleaved manner. Diffusion coefficients for the monomer
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and dimer were determined from slopes of the linear trendlines generated from Stesjskal-Tanner plots, fit
to the following equation (Equation 2.7) [57]:

𝐼

𝛿

ln (𝐼 ) = −𝛾 2 𝛿 2 𝐺 2 (∆ − 3) 𝐷
0

Equation 2.7

For equation 2.5 variables are defined as I/I0 being the ratio of peak intensities at a given G value to peak
intensity when G=0 (no diffusion gradient used). γ is the gyromagnetic constant of 1H
(2.675 X 108 T-1*s-1), δ is the diffusion gradient (Varian parameter gt1), Δ is the diffusion delay (Varian
parameter del), G is the gradient field strength in Gauss/cm (Varian parameter gzlvl[n] * DAC_to_G),
and D is the diffusion coefficient.

TEMPOL, a Paramagnetic Probe.
To find which residues were involved in the dimer interface, a series of 15N-HSQC spectra were
collected using a 0.55 mM sample of P405M-HlyIIC with the addition of increasing molar ratios (2:1,
1:1, 1:2, 1:5, 1:10, 1:20, and 1:50) of P405M-HlyIIC to the paramagnetic 4-hydroxy-TEMPO (Sigma
Chemical Co., St. Louis, MO). Data was analyzed according to Molinari et al [58]. Peak volumes from
spectra in the presence and absence of TEMPOL were used to calculate autoscaled peak volumes
(Equation 2.8):

𝑖
𝑣𝑝,𝑑
=

𝑖
𝑉𝑝,𝑑
1

𝑖
(𝑛) ∑𝑖𝑛=1 𝑉𝑝,𝑑

Equation 2.8

Vp,d are the peak volumes from the paramagnetic and diamagnetic experiments, respectively, n are the
number of residues, and i is an index number for each residue. Attenuation numbers were calculated
based on the ratio of autoscaled peak volumes (Equation 9):
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𝐴𝑖𝑁 = (2 −

𝑣𝑝𝑖
𝑣𝑑𝑖

) Equation 2.9

Average attenuation is unitary, with a mean value of 1 [58]. Attenuation values were plotted for each
residue. Values above and below the average correspond to higher or lower accessibility to TEMPOL,
respectively.
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Reprinted from: Kaplan, A. R., Maciejewski, M. W., Olson, R. & Alexandrescu, A. T. NMR assignments
for the cis and trans forms of the hemolysin II C-terminal domain. Biomolecular NMR assignments 8,
419–423 (2013).
Dr. Rich Olson and Dr. Katherine Kaus purified protein samples
Dr. Andrei Alexandrescu collected NMR data
I made all of the chemical shift assignments

Chapter Three. Chemical Shift Assignments of WT-HlyIIC and P405M-HlyIIC

Abstract
Pathogenic bacteria secrete pore-forming toxins (PFTs) to selectively defend against immune
cells and to break through cellular barriers in the host. Understanding how PFTs attack cell membranes is
not only essential for therapeutic intervention but for designing agents to deliver drugs to specific human
cell subtypes, for example in anticancer or anti-viral therapies. Many toxins contain accessory domains
that help recognize specific molecular epitopes on the membranes of target cells, including proteins,
carbohydrates, and lipids. Discussed in this chapter are the assignment of 1H, 15N, and 13C chemical shifts
for the 94-residue 10 kDa C-terminal accessory domain of Bacillus cereus hemolysin II (HlyIIC). Due to
separate signals arising due to cis/trans isomerization of the Gly404–Pro405 peptide bond, assignments
for the cis and trans forms of WT-HlyIIC were achieved with the aid of a P405M mutant that stabilizes
the trans form. Isomerization and the P405M mutation cause large chemical shift changes throughout
HlyIIC, suggesting that P405 is important in stabilizing the structure of the domain. Backbone chemical
shifts and hydrogen exchange were used to identify secondary structural elements. The NMR assignments
pave the way for solving the structures of the multiple conformational forms of HlyIIC and establishing
their mechanism of interconversion.
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Introduction
Virulence factors, including pore-forming toxins (PFTs) are the main weapons microbes use to
inflict damage on human hosts. Understanding how PFTs recognize and insert into cell membranes is an
important problem in human health that could aid in the development of therapies to block harmful
pathogenic toxins, and that may be useful in the design of vectors that can specifically deliver drugs to
diseased cells [59]. Secreted bacterial toxins must accumulate on the membranes of intended target cells
at sufficient concentrations to elicit damage. To this end, many toxins contain accessory domains that
identify specific carbohydrate, lipid, or protein epitopes on cell surfaces, thereby guiding the toxins to the
appropriate cells.
Hemolysin II, a β-pore forming toxin related to the canonical α-hemolysin from Staphylococcus
aureus has a unique c-terminal domain (HlyIIC) that has no known structural or functional homologues
based on BLAST and DALI database searches. The 1H-15N HSQC, one of the most basic and informative
NMR experiments, shows peaks for each backbone amide proton correlated to its respective nitrogen
yielding a pattern that is unique for each protein. Ordinarily, this spectrum yields one peak per amino acid
along with resonances from Asn and Gln amide side chains, however there were approximately 50% more
peaks observed than expected in the 1H-15N HSQC of WT-HlyIIC (Figure 3-3). This was found to be due
to cis/trans isomerization of the sole Proline at position 405 yielding separate peaks due to slow exchange
on the NMR timescale. When a trans-stabilized mutant, P405M-HlyIIC, was created which replaced the
proline with a methionine, the resultant 1H-15N HSQC had an expected 93 backbone amide peaks, as
proline is not observed (Figure 3-2). The P405M mutant was an integral part of characterizing the
domain, as having only one state in solution decreased spectral complexity which facilitated the
assignment of chemical shifts not only for P405M-HlyIIC, but also the cis and trans forms of WTHlyIIC. Discussed in this chapter are the chemical shift assignments for each atom in the HlyIIC protein,
a necessary first step in the process of solution structure resolution. Backbone chemical shifts are used to
obtain information on secondary structural elements from dihedral angle predictions, and near complete
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atom assignments are compulsory for generating distance constraints from through-space NOESY
spectra.

Results
Backbone chemical shift assignments
Assignment of peptide backbone atoms was accomplished by using through-bond 3D NMR
experiments. The HNCACB was used for the assignment of Cα and Cβ atoms. Assignments of Cα were
confirmed using the coupled experiments HNCA and HN(CO)CA, which use a redundant pathway to
show the i and i-1 Cα chemical shifts. Similarly, the coupled experiments HNCO and HN(CA)CO were
used for the assignment of carbonyl carbons. Due to the redundancy in chemical shifts, and the HNCACB
along with the coupled sets of experiments showing peaks for i and i-1 residues, one can perform a
sequential walk through the backbone from the c-terminus to the n-terminus (Figure 3-1). Separate
sequential walks were used for P405M-HlyIIC, and each WT-HlyIIC isomer. Using the information
obtained from the 3D spectra, 2D 1H-15N HSQC spectra were assigned for WT-HlyIIC and P405MHlyIIC (Figures 3-2, and 3-3).
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(ppm)

(ppm)
Figure 3-1. HNCACB spectrum of WT-HlyIIC showing the peptide segment A361 to G364. The 3D
through bond experiment shows peaks in a vertical strip for Cαi, Cαi-1, Cβi, and Cβi-1 at the HN of
residue i. The stronger peaks correspond to residue i, while the weaker peaks are to the prior residue
(i-1). This correlation, shown by black arrows, can be used to “connect the dots” in a sequential walk
from the C-terminus to the N-terminus through the backbone of the whole protein.
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P405M-HlyIIC 15N HSQC

Figure 3-2. Assigned 1H-15N HSQC spectrum of the P87M-HlyIIC mutant. The spectrum was
collected at 800 MHz on a 0.4 mM protein sample in 20 mM sodium phosphate buffer, pH 6.0. The
temperature was 15 °C to suppress resonances from a minor dimeric form of the protein. Side-chain
amide resonances are labeled in gray. The indole NH of W54 at 11.96 (1H) and 133.30 (15N) ppm falls
outside of the region of the spectrum shown in the figure. Residue numbering is from D1-I94, and
considers the c-terminal domain independent of the rest of the toxin.
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Figure 3-3. Assigned 1H–15N HSQC spectrum of WT-HlyIIC. The spectrum was collected at 800
MHz on a 1 mM protein sample in 20mM sodium phosphate buffer, pH 6.0, at a temperature of 37°C.
Backbone resonance assignments are indicated in orange for the cis form and in blue for the trans
form. HlyIIC contains an unusually large number of Asn (15) and Gln (4) residues, which together
account for 20 % of the 94-residue amino acid sequence. The side chain amide resonances of Asn and
Gln were all assigned for the cis form (green), and for groups in the trans form (grey). Peaks that are
visible only at lower contour levels than shown are indicated with the ‘‘X’’. The indole NH of W54 at
12.00 (1H) and 132.94 (15N) ppm falls outside of the region of the spectrum shown in the figure.
Numbering of residues considers HlyIIC in the context of the full length toxin (318-412).
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Sidechain Chemical Shift Assignments
Aliphatic side-chain assignments were made using 3D HNHA, HNHB, HCCH-TOCSY, and
CCH-TOCSY experiments. The HNHA was used for assignment of Hα protons, and the HNHB allowed
for the stereospecific Hβ assignments in combination with a 2D 50ms mixing time NOESY, and a 1H-15N
NOESY-HSQC [60]. The carbon atoms, and remaining protons in the aliphatic side chains were assigned
from the total correlation spectroscopy CCH-TOCSY experiment which correlates all carbon and proton
atoms with in each spin system. Unambiguous assignments were made using already known Cα and Cβ
chemical shifts from the HNCACB, and Hα and Hβ chemical shifts from the HNHA and HNHB spectra.
Aromatic resonances were assigned using 2D DQF-COSY, TOCSY, and NOESY spectra. Side-chain
amide groups were assigned using intra-residue NOE peaks from a 1H–15N NOESY-HSQC.
Assignment statistics were obtained from CCPNmr Analysis [29] and are as follows: WT-HlyIIC
(cis)—98 % of all protons, 84 % of all carbons, and 90 % of all nitrogens; WT-HlyIIC (trans)—47% of
all protons, 44% of all carbons, and 47% of all nitrogens; P405M-HlyIIC—99% of all protons, 85% of all
carbons, and 89% of all nitrogens. The statistics for the trans form of WT-HlyIIC include only the 48 of
94 residues (51%) that show separate crosspeaks in the 1H–15N HSQC spectrum.

Secondary Structure of HlyIIC
The primary sequence, and backbone chemical shift data was used to predict the order of
secondary structural elements in HlyIIC, where two different programs were used for comparison as
shown in Figure 3-4. Both programs yielded similar results, showing an α1–β1– β2– β3– β4–α2– β5
order. The most notable difference between the WT-HlyIIC isomers was the shortening of β5 in the trans
form of the domain, consistently observed in the trans-stabilized P405M-HlyIIC. Composite chemical
shift data was used to compare differences in 1H-15N HSQC chemical shifts between the cis and trans
forms of WT-HlyIIC, as well as P405M-HlyIIC and trans WT-HlyIIC. The largest differences occur for
residues near Proline 405 in the sequence, but other smaller perturbations are seen throughout the protein.
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Figure 3-4. Secondary structure of HlyIIC. A. The amino acid sequence is shown at the top. HlyIIC
consists of 94 residues, which correspond to amino acids 318-412 in the full length HlyII toxin.
Below are secondary structure predictions from the programs JHMM and DANGLE. The JHMM
prediction was made using only the amino acid sequence, while the DANGLE prediction was made
based on peptide backbone chemical shifts. B. Composite chemical shift differences
(|∆HN|+0.1|∆N|) were compared between the cis and trans isomers of WT-HlyIIC and between
trans WT-HlyIIC and P405M-HlyIIC.
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Reprinted from: Kaplan, A. R., Kaus, K., De, S., Olson, R. & Alexandrescu, A. T. NMR structure of the
Bacillus cereus hemolysin II C-terminal domain reveals a novel fold. Scientific Reports 7:3277 (2017).
I performed all structure calculations, and experimentation except the following:
Dr. Rich Olson, Dr. Katherine Kaus and Dr. Swastik De purified HlyIIC, and performed CD experiments
Dr. Andrei Alexandrescu collected NMR experiments necessary for structure determination, and
performed the pore homology modelling

Chapter Four. Structure and Dynamics of P405M-HlyIIC
Abstract
In addition to multiple virulence factors, Bacillus cereus a pathogen that causes food poisoning
and life-threatening wound infections, secretes the pore-forming toxin hemolysin II (HlyII). The HlyII
toxin has a unique 94 amino acid C-terminal domain (HlyIIC). HlyIIC exhibits splitting of NMR
resonances due to cis/trans isomerization of a single proline near the C-terminus. To overcome
heterogeneity, we solved the structure of P405M-HlyIIC, a mutant that exclusively stabilizes the trans
state. The NMR structure of HlyIIC reveals a novel fold, consisting of two subdomains αA-β1-β2 and β3β4-αB-β5, that come together in a barrel-like structure. The barrel core is fastened by three layers of
hydrophobic residues. The barrel end opposite the HlyIIC-core has a positively charged surface that, by
binding negatively charged moieties on cellular membranes, may play a role in target-cell surface
recognition or stabilization of the heptameric pore complex. In the WT domain, dynamic flexibility
occurs at the N-terminus and the first α-helix that connects the HlyIIC domain to the HlyII-core structure.
In the destabilizing P405M mutant, increased flexibility is evident throughout the first subdomain,
suggesting that the HlyIIC structure may have arisen through gene fusion.
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Introduction
The soil-dwelling, spore-forming B. cereus bacterium [61-63] produces a number of virulence
factors [64] including several secreted pore-forming toxins (PFTs) that form lytic channels in the
membranes of target cells [65]. One of these toxins, hemolysin II (HlyII), is present in several closely
related Bacillus species including B. cereus, B. thuringiensis (a bacterium that parasitizes insects and has
insecticide applications), and B. anthracis (the cause of anthrax) [66, 67]. In B. cereus, expression of
HlyII is under the control of the HlyIIR protein [68], and the Fur system that regulates iron homeostasis
[69, 70]. Expression of HlyII is greater under oxic conditions than under conditions mimicking the
intestinal tract, suggesting the toxin may not play a major role in gastrointestinal disease [71]. Although
the physiological target of HlyII is not known, the purified toxin lyses rabbit and human erythrocytes [72]
as well as other cultured mammalian cells [73, 74]. In addition, the toxin can attack species like algae [75]
and insects. Studies in mice and insects suggest that HlyII is involved in virulence, and that the toxin
causes apoptosis of macrophages in vitro and in vivo [76]. HlyII belongs to a larger family of secreted
toxins with similar predicted core structures including the B. cereus cytotoxin K (CytK) [77],
Staphylococcal hemolysins/leukocidins [78, 79], and toxins secreted by a variety of Vibrio species.
Similar to other family members, HlyII is secreted as a water-soluble monomer that assembles into a
heptameric pore following binding to cell membranes [72, 80]. A unique feature of HlyII is the
attachment of a C-terminal domain consisting of 94 amino acids that shows no sequence or structural
homology to other known proteins [78]. The C-terminal domain, henceforth referred to as HlyIIC, is the
subject of the present study. Removal of the HlyIIC domain reduces the activity of HlyII against rabbit
erythrocytes 8-fold [72], but the mechanism by which this domain affects PFT activity is unknown.
Homologs of HlyII from Staphylococcal PFTs do not contain C-terminal extensions, but homologous
toxins from Vibrio species have C-terminal domains with lectin-folds that bind glycan receptors on target
cell surfaces [81, 82]. Since HlyIIC occupies a similar topological position in HlyII, it could act as a
targeting domain against cell-surface receptors to aid binding to target membranes, analogous to the C-
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terminal extensions of Vibrio PFTs. These C-terminal lectin domains, however, have no sequence
homology to HlyIIC and unrelated β-trefoil and β-prism structures [83].
To investigate the HlyIIC domain, we expressed, purified, and solved the structure of the domain
using solution-state nuclear magnetic resonance (NMR). The wild-type HlyIIC domain (WT-HlyIIC)
exists in two states due to cis/trans isomerization of the single proline in the sequence at position 405
(here the HlyIIC domain is numbered according to the full length HlyII toxin). To reduce the spectral
complexity arising from separate sets of NMR resonances for the cis and trans conformations [25], we
solved the structure of a P405M mutant of HlyIIC which eliminates the cis conformational state. The
NMR structure of the HlyIIC domain reveals a novel, previously undescribed fold. In addition to
structural studies, we characterized the backbone dynamics of the domain using NMR relaxation
experiments and hydrogen exchange. To gain functional insights we modeled the domain in the context of
the full-length HlyII protein. The NMR studies define the structural and dynamic properties of the HlyIIC
domain and serve as a starting point for understanding its possible functions.

Results
The Structure of P405M-HlyIIC.
The NMR structure ensemble of the P405M-HlyIIC mutant is shown in Figure 4-1A Statistics for
the NMR structure are given in Table 4-1. HlyIIC folds into an α+β architecture consisting of two αhelices and five strands of anti-parallel β-sheet (Figure 4-1B). The overall topology and secondary
structure limits are summarized in Figure 4-1C. The structure can be thought of as consisting of two
subdomains. The first subdomain is comprised of the N-terminal α-helix αA and a β-hairpin: αA- β1-β2
(blue in Fig. 4-1A). The second subdomain has the last three β-strands with a non-sequential anti-parallel
pairing between strands β3 and β5, and an α-helix intervening between strands β4 and β5: β3-β4-αB-β5
(magenta in Fig. 4-1A).
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Table 4-1: Statistics for the 25 Lowest Energy NMR Structures of HlyIIC

Experimental Restraints
NMR Restraints (total)a

1790

Distance (total)

1592

Intraresidue NOEs

690

Sequential NOEs

417

Short range NOEs (1< |i-j| < 5)

160

Long range NOEs (5 ≤ |i-j|)

271

Hydrogen bonds (27x2)
Dihedral (ϕ 80, ψ 80, χ1 38)

54
198

Residual restraint violationsb
NOE (Å)

0.040 ± 0.002

Dihedral (°)

0.42 ± 0.09

RMSD from ideal geometry
Bonds (Å)

0.0050 ± 0.0002

Angles (°)

0.66 ± 0.02

Improper torsions (°)

1.900 ± 0.002

Ramachandran statisticsc
most favored (%)

80

allowed (%)

16

generously allowed (%)

5

disallowed (%)

0

ProcheckNMR Z-scorec

-4.55

Molprobity clash scorec

-3.98
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Coordinate RMSD (Å)
Backboned

All Heavy

Entire domain (94 a.a.)

1.86 ± 0.46

2.26 ± 0.46

Excluding first 11 a.a.: 330-412 (83 a.a.)

0.96 ± 0.21

1.38 ± 0.21

Regular secondary Structure (51 a.a.)e

0.88 ± 0.19

1.18 ± 0.24

β-sheet only (31 a.a.)e

0.72 ± 0.19

1.07 ± 0.35

Sub-domain 1: 330-360 (31 a.a.)

1.04 ± 0.26

1.52 ± 0.26

Sub-domain 2: 370-412 (43 a.a.)

0.54 ± 0.18

0.93 ± 0.18

NMR ensemble to average

_________________________________________________________________________
a

Grouping of non-redundant restraints was performed using the program QUEEN

(http://www.cmbi.ru.nl/software/queen)[84].
b

Structures have no NOE violations greater than 0.3 Å or dihedral angle violations more than 5o.
Calculated using the Protein Structure Validation Suite (http://psvs-1_5-dev.nesg.org) [85].
d
Calculated using C', N, and Cα backbone atoms.
e
The regular secondary structure of the HlyIIC domain is 330-338 (αA), 344-350 (β1), 353-359 (β2), 371376 (β3), 379-385 (β4), 390-400 (αB), 408-411 (β5).
c
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Figure 4-1. NMR structure of P405M-HlyIIC. A. Best-fit superposition for the backbone structures
of residues 330–412 from the ensemble of 25 lowest energy NMR structures. The first 11 residues at
the disordered N-terminus are not shown. The N- and C-terminal halves of the molecule are colored
blue and magenta, respectively, to illustrate the better precision for the 370–412 segment in
subdomain 2 (magenta). B. Stereo diagram (‘walleyed’ view) of the NMR structure closest to the
ensemble average. The structure is colored on a gradient running from blue (N-terminus) to red (Cterminus). The view is the same as in (A). C. Diagram summarizing the folding topology of the
structure. Cylinders depict α-helices and arrows indicate β-strands. Secondary structure elements are
labeled according to their position in the sequence, together with their start and end residues. The
coloring scheme is the same as in (B). Additional elements of secondary structure not shown in the
figure, are a 310 helix between residues E386-T389 which is present in most of the NMR structures,
and a 310 helix between N320-L324 that occurs at the disordered N-terminus of only some of the
structures in the NMR ensemble.
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To investigate structure similarity relationships for HlyIIC we performed a structural homology
search using the Dali server [86, 87]. The search failed to identify homologs with the closest hit being to a
part of eIF4E, a eukaryotic translation initiation factor (PDB code 5ME7). The comparison of eIF4E to
HlyIIC yielded a Z-score of 2.6 (not considered significant), an RMSD of 3.6Å, and differ in their
topologies [86]. It can therefore be concluded that HlyIIC represents a previously uncharacterized, novel
protein fold.
The topology of HlyIIC is unusual in that it combines α-helices and β-strands in the same layeran arrangement thought to be disfavored since α-helices cannot hydrogen bond to β-strands [88].
Consistently, there are no main-chain hydrogen bonds between the two subdomains in the NMR structure,
and we did not detect through H-bond couplings between the two subdomains in the lrHNCO (long-range
HNCO) [35] experiment. Rather, the two β-sheets are flanked on either side by helices αA and αB, and
come together through hydrophobic contacts to form a barrel-like structure with pseudo-two-fold
symmetry. Similar to 5-stranded anti-parallel Greek-key β-barrels seen in examples such as the OB-fold
[89, 90] the hydrophobic core of the structure is arranged into three layers of non-polar residues (Figs 42A and 4-3A). The residues that make up the hydrophobic core are arranged with a 2-residue sequence
periodicity in the β-strands and with a 3 to 4 residue periodicity in the α-helices (Figure 4-2A), and are
organized as follows: Layer 1: L338 (αA), L345 (β1), W372 (β3), F384 (β4), V390 (αB), I393 (αB), I412
(β5); Layer 2: V334 (αA), L347 (β1), A356 (β2), I374 (β3), Y382 (β4), I397 (αB), I409 (β5); Layer 3:
I331 (αA), M349 (β1), L354 (β2), V376 (β3), V381 (β4), L400 (αB), L402 (αB), I407 (β5).
Representative NMR data illustrating NOESY distance contacts for core hydrophobic residues are shown
in Figure 4-2C-E. Excluding the disordered first 11 amino acids, only five of 32 non-polar residues in the
HlyIIC structure do not participate in the three-layer hydrophobic core structure and are surface exposed.
Three of these, Y363, I365, and Y367 are in the extended loop between strands β2 and β3 that connects
subdomains 1 and 2 in the polypeptide chain. Residues F375 from β3 and Y406, are surface-exposed and
close in the structure to the site of the cis/trans peptide bond isomerization, G404-P405.
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C

D

E

Figure 4-2. Hydrophobic core interactions in HlyIIC. A. Precision of side-chains in the ensemble of
top 25 NMR structures for P405M-HlyIIC illustrated by superposing the NMR ensemble heavy atoms
of residues 330-412 onto their mean coordinates. The backbone is colored by subdomain, peach for
the first half (residues 330-368), and gray for the second half (residues 369-412). Hydrophobic
residues in the first subdomain are colored in red, orange and pink, and colored blue, cyan (W372) and
green in the second subdomain. B. H-bond interactions involving W372 illustrated with the NMR
structure closest to the ensemble average. The W372 Nε1 sidechain indole proton is protected from
solvent exchange and is H-bonded to the side-chain carbonyl of E386, which also forms a H-bonded
salt-bridge to K342. Methyl and aromatic portions of a 2D 1H-NOESY spectrum of P405M-HlyIIC
showing some of the key hydrophobic interactions. C. The aromatic residues W372, Y382, and F384
from the 5-3-4 β-sheet contact the upfield shifted Hδ methyl groups of L338 from helix αA, and the γ
and δ methyl groups of Ile393 and Ile397 from helix αB. D. Overlay of the aromatic portions of 2D
TOCSY (pink) and 2D NOESY(navy) spectra. The aromatic ring spin-systems of W372, Y382, and
F384 are traced out with dotted lines in the indicated colors. The W372 Hδ1 resonance was assigned
from an NOE to the Nε1 proton at 12ppm (not shown). Arrows denote NOEs between aromatic
residues, where the symbols “*” and “**” indicate weak crosspeaks, symmetrically-related about the
diagonal, that are only seen at lower contour levels than shown. E. The network of hydrophobic
residues in the HlyIIC-P405M NMR structure giving rise to the NOEs in (C) and (D).
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The HlyIIC domain is decorated by a number of charged residues, including 12 lysine, 6
glutamate, and 4 aspartate residues and has a calculated pI of 8.8. An electrostatic map computed using
the APBS method [91] indicates a predominantly basic surface, with a positive patch located on the side
of the domain opposite the N-terminal connection to the rest of the HlyII toxin. This positive patch, on the
side of the molecule we will refer to as the ‘bottom’, is formed by a sequence consisting of the residues
337-KLNKGKGKL-345, together with K370 and K387 (Figure 4-3B,C).

Sensitivity of the WT-HlyIIC structure to cis/trans isomerization of P405.
The site of cis/trans peptide bond isomerization, G404-P405, which leads to conformational
heterogeneity in NMR spectra of WT-HlyIIC is located at the top of the structure (Fig. 4-3D) near the Nterminal linker that connects HlyIIC to the core of the HlyII protein. It was noted in Chapter Three that
cis/trans proline isomerization leads to the splitting of about half of the backbone crosspeaks in the 1H15

N HSQC spectrum of WT-HlyIIC [25]. With the structure of the HlyIIC domain, we can now map the

extent to which the magnetic environments of amide protons are affected by cis/trans isomerization of the
G404-P405 peptide bond (Fig. 4-3D). The largest composite 1H-15N chemical shift differences (red in Fig.
4-3D) are near P405 but also extend into the secondary structure elements flanking the proline-harboring
loop, αB and β5. Intermediate perturbations (orange in Fig. 4-3D) occur in the loops between β1-β2 and
β3-β4, which are close in space but not in sequence to P405. Smaller composite chemical shift differences
of 0.01 to 0.1 ppm (blue and green in Fig. 4-3D) extend throughout the entire barrel-like fold of the
domain. The three-layer hydrophobic core of HlyIIC (Fig. 4-3A) may provide a conduit to communicate
the P405 isomerization state to the rest of the structure.
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Figure 4-3. Structural properties of the P405M-HlyIIC domain. A. Cartoon of the HlyIIC NMR
structure closest to the ensemble average, illustrating the 3-layer hydrophobic core of HlyIIC. B. The
relationship between P405, which is subject to cis/trans isomerization in WT-HlyIIC and a patch of
positively charged lysine residues at the bottom of the structure. C. Electrostatic surface of HlyIIC
calculated using the APBS method [64] showing the positively charged patch formed by basic lysine
residues. D. Structural mapping of chemical shift differences between the conformational states of
WT-HlyIIC related by cis/trans isomerization of P405. The composite (|ΔHN| + 0.1|ΔN|) chemical
shift index data25 are colored on a gradient running from cyan for the smallest differences to red for
the largest. Residues that do not show splitting of 1H-15N resonances due to cis/trans isomerization are
in gray.
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CD spectroscopy of the HlyIIC domain. (Experiments performed by Dr. Rich Olson, and Dr. Katherine
Kaus).
To determine the extent to which the P405M mutation perturbs the HlyIIC domain, CD data for
the WT and mutant were compared (Figure 4-4). The folded-state CD spectra for WT-HlyIIC and P405M
at 20°C are very similar and typical of folded proteins with a mixture of α-helix and β-sheet structure
(Fig. 4-4A). For comparison, the spectra at 90°C (dashed lines in Fig. 4-4A) are typical of unfolded
proteins, and very different from the folded state spectra at 20°C. The CD spectra together with the
conservation of chemical shifts between WT-HlyIIC and the P405M-HlyIIC mutant [25] indicate that the
overall folding topology is conserved. Structural differences may occur in the loops surrounding P405,
the site of the P405M mutation. The extent of these structural differences are analyzed and discussed in
Chapter Five. Based on the observations above, however, the P405M-HlyIIC mutant is a suitable model
for the overall WT-HlyIIC structure. Figure 4-4B compares thermal unfolding data for WT-HlyIIC and
the P405M-HlyIIC mutant monitored by ellipticity at 220 nm. The P405M mutation, destabilizes the
protein to thermal unfolding by a modest 5°C compared to the wild-type. As described below, NMR
hydrogen exchange data indicate a subtler effect of the mutation that involves the uncoupling of the
dynamics of subdomain 1 from 2. The P405M-HlyIIC mutant was selected because a bulky methionine
should most favor a trans peptide bond [92]. However, P405A-HlyIIC with a smaller alanine substitution,
has a similar 1H-15N HSQC spectrum indicating a conserved structure, similar circular dichroism (CD)
spectra, and a similar stability to thermal unfolding within 1 degree for that of P405M-HlyIIC.
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Figure 4-4. CD spectroscopy of HlyIIC A. Wavelength scans for folded WT-HlyIIC (solid line) and
P405M-HlyIIC (dotted line) at 20°C, together with thermally unfolded WT-HlyIIC (short dash) and
P405M-HlyIIC (long dash) at 90°C. B. Thermal unfolding of WT-HlyIIC (filled circles, solid line) and
P405M-HlyIIC (gray squares, dotted line). Experiments were performed by Dr. Rich Olson and Dr.
Katherine Kaus.
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Backbone dynamics indicate higher flexibility for the N-terminal subdomain.
As shown in Fig.4-1A and Table 4-1, the NMR structure of the C-terminal subdomain 2
(magenta) is more precisely determined than that of the N-terminal subdomain 1 (blue). Recall that the
two subdomains are not linked through backbone hydrogen-bonds but come together solely through sidechain interactions. The differences in structural precision of the two segments could be due to differences
in dynamics, or an artifact of a lower number of NMR restraints for the N-terminal half of the molecule
(the distribution of long-range NOEs and H-bonds is 171 within subdomain 2, compared to 100 within
subdomain 1, and 29 between the two subdomains). All aromatic residues in HlyIIC occur in the Cterminal subdomain 2. Aromatic residues in proteins typically improve spectral dispersion as well as
contributing NOE distance contacts due to their hydrophobic nature, factors that may lead to the higher
precision of the structure in subdomain 2. Alternatively, subdomain 1 may have intrinsically greater
flexibility. To distinguish between these possibilities, we collected 15N NMR relaxation data on the
backbone dynamics of P405M-HlyIIC (Fig. 4-5). The 15N relaxation data for P405M were analyzed with
the Model-Free formalism [21] to obtain S2 order parameters that describe the amplitudes of backbone 1H15

N bond librations on the ps-ns timescale (Fig. 4-6A) and R2ex contributions to transverse relaxation that

are sensitive to conformational exchange processes on the μs-ms timescale (Fig. 4-6B).
The S2 order parameter ranges from a value of one for rigid sites to zero for sites that have
unhindered motion [21]. As shown in Fig. 4-6A, most residues in the regular secondary structure of
HlyIIC have S2 order parameters in the rigid limit. Low S2 order parameters indicative of dynamic
flexibility occur for the N-terminal segment that connects HlyIIC to the rest of the HlyII protein, the Nterminal α-helix (αA), and the loops between secondary structure units - in particular the loop between
helix αB and strand β5 that includes the site of the P405M mutation. The dynamic nature of the Nterminal linker segment corresponding to the first 11 amino acids of HlyIIC appears to be conserved in
the full-length HlyII toxin, in as much as HlyIIC can be proteolytically cleaved from HlyII [72, 80]. The
mean S2 order parameters for residues 330–360 in subdomain 1 and 370–412 in subdomain 2 are near 0.9,
and statistically indistinguishable. Therefore, it does not appear that the lower precision of subdomain 1in
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the NMR structure is due to increased dynamics of this segment on the ps-ns timescale. The exception is
helix αA, which has residues with moderately lower S2 order parameters in an element of regular
secondary structure that may contribute to the poorer definition of subdomain 1 in the NMR structure.
Figure 4-6B summarizes the sequence distribution of residues with R2ex line-broadening
contributions to the transverse relaxation rate, R2. The non-zero R2ex terms are due to conformational
exchange on the μs-ms timescale. The majority of residues that experience R2ex contributions are in the
two helices αA and αB, with some additional ones in the loops connecting elements of regular secondary
structure. By contrast, R2ex terms are not seen for the β-strands (Fig. 4-6B). These observations suggest
that the α-helices and loops are involved in some type of conformational exchange process on the μs-ms
timescale that does not affect the β-sheets. A greater fraction of residues in subdomain 1 (36%) than
subdomain 2 (19%) show conformational-exchange line broadening contributions, and the R2ex terms are
somewhat larger for subdomain 1 in the first half of the protein (Fig. 4-6B). The lower precision of
subdomain 1 in the NMR structure is thus likely to be related to its greater flexibility on the μs-ms
timescale rather than on the faster ps-ns timescale.
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Figure 4-5. 15N-NMR relaxation data for the HlyIIC domain. A. R1, B. R2, and C. 1H-15N NOE
values. The secondary structure of the domain is shown in the inset to panel A.
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Figure 4-6. Backbone dynamics of the HlyIIC domain. A. S2 order parameters describing the
amplitudes of 1H-15N bond motions on the ps-ns timescale. S2 values smaller than 0.8 are shown in
green and those smaller than 0.5 in red. B. R2ex line-broadening contributions to 15N R2 relaxation due
to conformational averaging on the μs-ms timescale. R2ex values greater than 0Hz are shown in green
and those greater than 5Hz in red. The secondary structure of HlyIIC is shown at the top of panels.
Error bars are shown for all values but in some cases are smaller than the symbols used to depict the
data. The insets show the S2 and R2ex values mapped on the HlyIIC structure, with the first half of the
molecule colored peach and the second half gray.
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Hydrogen exchange points to enhanced dynamics for the N-terminal subdomain in the P405M mutant.
Figure 4-7 compares hydrogen exchange (HX) data for WT-HlyIIC and P405M-HlyIIC. In Fig.
4-7A, a control 1H-15N HSQC of WT-HlyIIC in H2O (black) is superimposed with those obtained after 2h
of exchange in D2O for WT-HlyIIC (cyan) and P405M-HlyIIC (red). About 40 of the 92 backbone amide
protons in WT-HlyIIC persist after 2h in D2O (cyan peaks in Fig. 4-7A). These protected amide protons
are distributed throughout the regular secondary structure of the HlyIIC domain. By contrast in the
P405M-HlyIIC mutant, only amide protons from residues in subdomain 2 survive after 2h in D2O. The
result suggests that HX from subdomain 1 is selectively enhanced in the P405M-HlyIIC mutant.
Protection factors that describe the fold-decrease in HX rates due to structure compared to the chemicallydetermined intrinsic HX rates [93], are given for WT-HlyIIC and P405M-HlyIIC in Fig. 4-7B and C,
respectively. There are ~10 protected backbone amide protons in WT-HlyIIC that give resolved peaks for
the conformers related by cis/trans isomerization of P405 (the cis form resonances are indicated with
green labels in Fig. 4-7A). The cis resonances are not seen in the P405M mutant which only has the trans
form. Because cis/trans isomerization occurs on a much faster timescale than HX, the HX rates for the cis
and trans forms are very similar and only the protection factors for the trans form of WT-HlyIIC are
given in Fig. 4-7B. Protection factors [94, 95] are mapped on the NMR structure for WT-HlyIIC (Fig. 47D) and P405M-HlyIIC (Fig. 4-7E). Backbone amide proton protection factors in WT-HlyIIC are
uniformly large for residues in regular secondary structure. The exception is helix αA, where only a single
residue shows weak protection (Fig. 4-7B,D). In the P405M mutant (Fig. 4-7C), the largest protection
factors are reduced about 2.5-fold compared to WT, consistent with the lower stability of the mutant to
unfolding (Fig. 4-4B). A much more dramatic change is seen when the structure distribution of protection
factors in the P405M mutant is considered. The amide protons from subdomain 2 in the second half of the
molecule are protected but only two amide protons from subdomain 1 show measurable protection, at the
beginning of strand β2 (Fig. 4-7C,E). The two weakly protected amide protons from subdomain 1
exchange within 2h of dissolving the protein in D2O (Fig. 4-7A). Moreover, within subdomain 2, the
protection factors for helix αB are about 10-fold weaker than those from the β3-β4-β5 component of the
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structure (Fig. 4-7C). Taken together, these observations suggest that the P405M mutant, which is
necessary to eliminate the cis proline conformation, not only globally destabilizes the HlyIIC domain by 5
°C compared to the WT, but also causes an uncoupling of the HX dynamics of subdomain 1 from
subdomain 2. To a lesser extent, within subdomain 2 the dynamics of helix αB are also uncoupled from
those of the β5-β3-β4 sheet. In addition to the backbone amide protons, the side-chain indole nitrogen
proton of W372 from subdomain 2 is protected in both WT and the P405M mutant (not shown). In the
NMR structure, the indole nitrogen proton of W372 forms an H-bond with the side-chain carboxylic acid
group of E386 from subdomain 2, which in turn forms a salt-bridge to K342 from subdomain 1 (Fig. 42B). The uncoupling of the P405M mutant structure into two subdomains may be related to the
observation that this protein forms a folded dimer with well-dispersed NMR signals at protein
concentrations above ~0.5 mM and temperatures above ~20°C [25]. The conditions for the present study
(0.4 mM protein concentration and a temperature of 15°C) were chosen so as to avoid the dimeric form.
In contrast to the P405M-HlyIIC mutant, the more cooperatively folded WT-HlyIIC shows no signs of
oligomerization at protein concentrations as high as 2 mM and temperatures as high as 40°C. Additional
support for a weaker structural cooperativity in the P405M mutant comes from the thermal denaturation
data in Fig. 4-4B, where the slope of the thermal unfolding curve for P405M-HlyIIC is shallower than
that for the WT, a hallmark of a less cooperative folding transition.
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Figure 4-7. Hydrogen exchange of HlyIIC. A. Superposition of the 1H-15N HSQC spectrum of the
WT-HlyIIC domain in H2O (black) with those of WT-HlyIIC (cyan) and the P405M-HlyIIC mutant
(red) after 2h of incubation in D2O. Amide protons protected after 2h of exchange in D2O are labeled
(the full assignments for WT-HlyIIC and P405M-HlyIIC are published Kaplan 2013. Protected amide
protons from the cis form of WT-HlyIIC are labeled with green letters, these signals are missing in the
P405M mutant, which eliminates the cis conformational form. E408 has a large chemical shift
difference between the WT and the mutant because it is close to the site of the P405M mutation. Note
that compared to WT-HlyIIC, only amides from the second half of the domain, residues 372–410,
persist for 2 h in D2O for the P405M-HlyIIC mutant. Protection factors for B. WT-HlyIIC and C.
P405M-HlyIIC. Protection factors are only given for amide protons from the trans form of the WT
protein. Additional protection is seen for the side-chain Nε1 proton of W372, which exchanges with
rates of 0.0029 ± 0.0006 min−1 and 0.106 ± 0.008 min−1 in WT-HlyIIC and P405M-HlyIIC,
corresponding [79] to protection factors of about 17,000 and 500 at pH 6. Protection factors for D.
WT-HlyIIC and E. P405MHlyIIC, mapped on the NMR structure of P405M-HlyIIC with the indicated
scale.
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Modeling of the HlyIIC domain in the context of full-length HlyII. (Experiment performed by Dr. Andrei
Alexandrescu).
To better understand the role of the HlyIIC domain in the context of the full-length HlyII toxin
we calculated homology models of the latter (Fig. 4-8). The HlyII-core was modeled using the monomer
(PDB 4IDJ) and protomer (7AHL) X-ray structures of the homologous toxin α-hemolysin from S. aureus
with the SWISS-MODEL server [50]. The non-conserved HlyIIC domain, which is unique to HlyII, was
linked and docked to the respective core structures with the Ab Initio Domain Assembly (AIDA) server
[51]. The AIDA program is used to predict the orientations of domains in multi-domain proteins [51]. The
structure of each individual domain is treated as invariant, and only the structure of the linker between the
domains is varied to energy-minimize an ab initio folding potential that seeks to optimize docking of the
domains [51]. A model of the membrane-spanning pore structure was constructed by superposing the
HlyII-core structure of the protomer calculated with the AIDA program onto each of the seven protomers
in the 7AHL heptamer structure (Fig. 4-8B,C). An initial model without distance restraints resulted in
steric overlap between the HlyIIC domain and the adjacent protomer that was not included in the docking
simulation. Noticing there were exposed aromatic residues in the HlyII-core structure (Y54, F302, F303)
positioned to interact with exposed aromatic residues in the HlyIIC domain (F375,Y406), we set six
distance restraints of 10Å between the aromatic residues to obtain a revised final model (Fig. 4-8B-D).
The orientations of the HlyII-core and HlyIIC domain were similar to the original model, but in the
revised model there were no longer steric clashes between the protomers. Of the aromatic residues, Y54
in the HlyII core, and F375 and Y406 in the HlyIIC domain appear to be conserved. The two residues
F302 and F303 are conserved in sequence homologs that have the HlyIIC domain, but not in those where
it is absent, suggesting a possible role of these aromatic residues in docking HlyIIC against the HlyII core.
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Figure 4-8. Modeling of full-length HlyII. A. Model of the HlyII monomer based on the X-ray
structure of monomeric S. aureus α-hemolysin (PDB code 4IDJ). The stem loop, which forms the
trans-membrane β-barrel in the heptameric pore is colored gray, the core structure of HlyII in orange,
and the HlyIIC domain in rainbow colors. B. Model of the HlyII pore based on the X-ray structure of
heptameric S. aureus α-hemolysin (PDB code 7AHL). The view is down the axis of the pore from the
extracellular side, perpendicular to the plane of the membrane lipid bilayer. C. View of the HlyII pore
parallel to the plane of the lipid bilayer. The pore has a mushroom like structure, with the membranetraversing β-barrel formed from the stem loops of seven monomers. The mushroom cap consists of the
core domains. A protomer of the heptamer is colored in orange. In the model of the HlyII pore, the
HlyIIC domain (shown in rainbow colors for one of the protomers) extends from the mushroom cap
towards the membrane. D. Expansion of the view in (C). The lysines that make up the positively
charged patch of the HlyIIC domain are shown as blue sticks. The G404-P405 dipeptide, in a loop
adjacent to the N-terminal connector, is depicted by gray spheres. Exposed aromatic residues that may
dock the HlyIIC domain to the HlyII-core are labeled in the expansion.
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Discussion.
The present work demonstrates that HlyII contains a structurally unique C-terminal domain, not
present on PFTs that otherwise share structural homology and similar function. Indeed, the structure of
HlyIIC, which consists of two β-sheets flanked by two α-helices in a barrel-like structure, represents a
novel fold with no identifiable structural homologs. Because the HlyIIC structure represents a novel fold
we anticipate it will shed light on structure-function relationships of yet to be discovered sequence and
structure homologs. A BLAST search of the HlyIIC sequence revealed that besides other proteins in the
HlyII family, the closest sequence homologs are two gene fragments of unknown function found in B.
anthracis.
The first fragment corresponding to residues 319–371 in the N-terminal subdomain 1 of HlyIIC,
occurs on the chromosome of the Sterne strain of B. anthracis (sequence ID: AAT54665.1, 87% sequence
identity). The second fragment corresponding to residues 364–412 in the C-terminal subdomain 2 of
HlyIIC, is found in the XO1 plasmid (sequence ID: WP_010890031.1, 38% sequence identity) [72, 96].
The XO1 plasmid, together with XO2, is needed for anthrax toxicity.
Because the HlyIIC domain exists in a dynamic equilibrium due to cis/trans isomerization of
P405, the NMR structure of the proline to methionine single point mutant P405M-HlyIIC was resolved
first. CD data (Fig. 4-4A), as well as the similarity of NMR chemical shifts between the WT and the
mutant [25], indicate that the structure of WT-HlyIIC is very similar to the P405M-HlyIIC mutant. A
notable difference is that strand β5 is extended by three to four residues in the cis compared to the trans
form of WT-HlyIIC, based on a dihedral angle analysis of backbone NMR chemical shifts [25].
The P405M mutation destabilizes the HlyIIC domain by 5 °C to thermal denaturation (Fig. 4-4B)
and leads to an uncoupling of the dynamics of subdomain 1 from subdomain 2 (Fig. 4-7B–E). That the
two subdomains have properties of independent folding units and the observation that the subdomains
have homology to separate gene fragments in B. anthracis, suggests that the HlyIIC domain may have
arisen through a gene fusion event. If the HlyIIC domain originated from the fusion of subdomain 1 (αAβ1-β2) with subdomain 2 (β3-β4-αB-β5), evolutionary pressure would have favored the accumulation of
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mutations that maximized the folding cooperativity of the structure. Because it is destabilizing, the
P405M mutation could relieve the requirement for maximum folding cooperativity, and reveal the
original bipartite organization of the structure into two subdomains with partially autonomous folding
properties. A similar mechanism has been proposed for the organization of subdomains into cooperatively
folded structures in the OB-fold family of proteins [89, 95]. Conversely, the two subdomains encoded on
separate genes in B. anthracis, could come together through fragment complexation to form a protein
complex with a similar structure to the HlyIIC domain.
The function of the HlyIIC domain is currently unknown. An earlier structural model for HlyIIC
was proposed [80] based on a sequence to structure ab initio prediction using the program ROSETTA,
although the convergence of the predicted structures was poor [80]. Based on this model it was suggested
that the HlyIIC domain had a structure similar to the iron-binding protein frataxin, and a possible ironbinding function [97]. While the two proteins have similar secondary structure elements, the β-sheet
topology of HlyIIC is different from frataxin, where the β-strand connections are all sequential and the
last α-helix follows the last β-strand. Frataxin forms a flat continuous β-sheet with the two α-helices on
one side of the sheet, while HlyIIC forms a barrel-like structure. The coordinate RMSD between the
NMR structure of HlyIIC and frataxin (PDB code 1EKG) is ~14 Å, indicating quite different structures.
Because many PFTs contain accessory domains that are carbohydrate-binding lectins [98], we
submitted the HlyIIC domain to a glycan array screen run by the Consortium for Functional Glycomics
(CFG) (www. functionalglycomics.org). Screening a library of over 600 mammalian glycans failed to
identify any hits for HlyIIC (CFG accession code: primscreen_5868). Although this negative result
suggests that HlyIIC is not a carbohydrate-binding protein, it does not rule out this possibility. First, the
HlyIIC domain on its own, may have a weaker affinity for carbohydrates than when part of the PFT
formed from full-length HlyII. Second, the B. cereus HlyII toxin and HlyIIC domain are also found in B.
thuringiensis, a bacterium that infects insects. If HlyIIC binds carbohydrates specific to insects, these may
have been missed in the mammalian glycan library.
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To further explore how the HlyIIC domain interacts with the rest of the toxin, we modeled its
NMR structure in the context of full-length HlyII (Fig. 4-8). Without functional data on the full-length
HlyII toxin, which is difficult to express, such modeling is speculative but could provide clues about
possible roles for HlyIIC based on its position in the overall structure. We wondered if the HlyIIC domain
could displace the stem loop (gray in Fig. 4-8A) in the monomer structure, so as to favor the membranebound protomer conformation of HlyII, in which the stem loop participates in the heptameric β-barrel
pore. In the monomer model (Fig. 4-8A), the HlyIIC domain extends from the toxin core at an edge of the
β-sandwich structure opposite that of the stem loop, so that an interaction between the two segments is
highly unlikely. Fig. 4-8B and C show the homology model of the heptameric membrane-spanning pore
complex. Even with a fully extended linker, the domain appears to be too far away to interact with the
pore component of the structure (Fig. 4-8B and C), in agreement with experimental results that indicate
HlyIIC does not obstruct the toxin pore in voltage gating experiments [72]. Rather, the HlyIIC domain in
the heptamer model is positioned towards the membrane with the positively charged patch formed by the
lysine residues at the bottom of the structure poised to interact with negatively charged molecules such as
lipids carbohydrates, or proteins embedded in the membrane (Fig. 4-8C). Biochemical studies showed
that HlyII with HlyIIC deleted, can still form oligomeric pores that have only an 8-fold reduction in
activity compared to the full-length wild type [72]. Oligomers of the toxin without the HlyIIC domain
were less stable in SDS than those with the domain, the former dissociating at 78°C compared to 82°C for
the latter [72]. The HlyII toxin is relatively non-specific being able to lyse a variety of eukaryotic cell
types [73, 74], as well as being able to form active pores in model membrane systems such as liposomes
without the C-terminal HlyIIC domain [80]. Thus, putative membrane interactions of the positivelycharged HlyIIC surface with negatively-charged lipid, carbohydrate, or protein moieties on cell
membranes could afford a general mechanism for cell targeting or stabilization of the PFT complex in the
membrane.
An interesting question regards the role played by cis/trans isomerization of P405 in the HlyII
toxin. Splitting of backbone 1H-15N signals from sites distributed throughout the structure is evident in the
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H-15N HSQC spectrum of the HlyIIC domain (Fig. 4-3D), so that binding events at distal sites could be

communicated to P405. For example, the proposed binding of the positively charged patch of HlyIIC to
negatively charged moieties in the membrane could affect the ratio of cis to trans isomers for P405,
located in a loop between strands β4 and β5 that is directly adjacent to the N-terminal linker that connects
the HlyIIC to the HlyII-core (Fig. 4-8D). The linker segment between the N-terminus of HlyIIC domain
and the C-terminus of the HlyII core is highly flexible and can be proteolytically cleaved [72, 80], making
it unlikely to affect communication between the two domains. However, P405 immediately precedes the
conserved exposed aromatic residue Y406 in HlyIIC that may form contacts with aromatic residues from
the HlyII-core (Fig. 4-8D). A considerably different alternative role for the proline, is that it could
constitute a binding site for cyclophilin. The site of proline isomerization in HlyIIC, P405, is part of the
sequence 404-GPYI-407, which is close to the consensus sequence GPxL recognized by cyclophilins [99,
100]. Moreover, cyclophilin-binding should favor prolines undergoing cis/trans isomerization [101], such
as P405 in HlyIIC. It has recently been reported that leukotoxin binds to cyclophilin D in neutrophil
mitochondria thereby triggering the disruption of the mitochondrial membrane potential, release of
cytochrome c, and apoptosis [102, 103]. The induction of apoptosis in neutrophils may help bacteria
evade immune defenses. It remains to be seen whether HlyII can interact with mitochondrial cyclophilin
D, and serve a similar role.
In conclusion, the structure of the HlyIIC domain represents a new fold in which two subdomains
each comprised of an α-helix and a β-sheet (αA-β1-β2 and β3-β4-αB-β5) come together to form a barrellike structure, stabilized by a core formed from three layers of hydrophobic residues. The different
dynamic properties of the two subdomains when the HlyIIC domain is destabilized by the P405M
mutation, together with the existence of two homologous gene fragments in B. anthracis, suggests that the
HlyIIC domain may have arisen from a genetic fusion of the two subdomains. The most likely function
for the HlyIIC domain is to stabilize the heptameric PFT, either through interactions with adjacent
protomers in the heptamer or through membrane binding. The unique proline P405 in the HlyIIC domain,
which exists in two conformational states due to cis/trans isomerization, could act as a conduit to
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communicate binding events to the core of the HlyII toxin or could constitute a binding site for
cyclophilin D. The structure and dynamics of HlyIIC characterized in this work pave the way for
experiments that can better establish the function of this novel accessory domain in PFTs.
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Chapter Five. Solution Structures and Dynamics of WT-HlyIIC and the P405M-HlyIIC Dimer

Abstract
Bacillus cereus is an emerging pathogen known to cause food poisoning, and systemic infections
some of which are lethal. In its biological arsenal is Hemolysin II, a β-pore-forming toxin with a unique
94 amino acid C-terminal domain (HlyIIC). The HlyIIC domain undergoes cis/trans proline
isomerization, leading to split resonances in NMR spectra. The initial structure of the HlyIIC domain was
solved using a trans stabilized mutant to overcome the spectral complexity introduced by the
isomerization. Presented here are the wild-type cis and trans structures of HlyIIC. Isomerization of the
G404-P405 peptide bond induces movement of the proline-containing loop, causing perturbations in
adjacent loops, and smaller changes at distant sites transmitted through core hydrophobic side chains. The
cis/trans equilibrium is temperature dependent, with the trans state favored entropically, and the cis state
favored enthalpically. The trans-stabilized variant of the domain, P405M-HlyIIC, exists in a
monomer/dimer equilibrium that shifts in a concentration and temperature dependent manner. Preliminary
structural studies by NMR show domain swapping of the C-terminal strand β5. Further analysis of the
P405M-HlyIIC dimer may provide clues to the significance of the cis/trans isomerization.
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Introduction
Bacillus cereus is a pathogenic, Gram-positive, soil dwelling bacterium that plays roles in food
poisoning [64, 104] and other types of infections including necrotizing fasciitis, endopthalmitis,
septicemia, meningitis, endocarditis, and pericarditis [62, 105]. The B. cereus bacteria secrete a variety of
toxins including phospholipases, enterotoxins, and hemolysins [77]. Among the secreted toxins,
Hemolysin II (HlyII) is not associated with a particular type of infection but has been shown to be toxic to
a variety of cell types such as erythrocytes, monocytes, dendritic cells, and colon carcinoma cells [72, 73,
76]. HlyII has the ability to counteract host innate immune responses by inducing apoptosis in
macrophages both in vitro and in vivo [76].
HlyII is classified as a β-pore-forming toxin (β-PFT) due to its sequence similarity to related
toxins such as CytK from B. cereus, and β-toxin from C. perfringens. The closest sequence homolog is αhemolysin from Staphylococcus aureus, which shares 31% sequence identity [68, 72, 78, 106]. HlyII
utilizes the same pore forming mechanism as the aforementioned β-PFTs to permeabilize cell membranes.
After synthesis, cleavage of an N-terminal signal peptide allows release of the toxin as a water-soluble
monomer that may either bind to the host cell as a monomer or as an oligomer [80, 107, 108]. There is
currently no known cell surface receptor for HlyII but as it is cytotoxicity toward a variety of cell types
there may be a ubiquitous moiety that allows the toxin to concentrate on the surfaces of target cells. Once
on the cell surface, the HlyII subunits oligomerize to form a pre-pore complex, that then transitions to a
lytic trans-membrane b-barrel pore [106, 107].
The HlyII from B. Cereus has a unique C-terminal domain (HlyIIC) that shows no sequence or
structural homology to other proteins in the Protein Data Bank [25, 72, 109]. The function of HlyIIC
remains unknown. While HlyIIC is not required for trans-membrane pore formation, the absence of the
domain leads to a 8-fold reduction in cytoxicity activity against rabbit erythrocytes [72]. Deletion of the
HlyIIC domain also lowers the thermal stability of trans-membrane pore oligomers by 4oC compared to
the wild-type. Based on the structure of HlyIIC, and modeling of the HlyIIC domain in the context of full
length HlyII, we postulated the C-terminal domain may be involved in the stabilization of the oligomeric
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pore complex, through interactions with membrane lipids on the surfaces of target cells or through
intersubunit contacts in the oligomer [109]. Functional studies of HlyII are made extremely difficult by
the high cytotoxicity of the full-length protein to cells such as E. coli, when these are used to express the
toxin heterologously [73].
The HlyIIC domain has a highly flexible N-terminal region and is subject to conformational
plasticity. These factors probably account for the domain being refractory to X-ray crystallography, which
led us to determine its structure by solution NMR [109]. NMR spectra of WT-HlyIIC showed a near
doubling of crosspeaks due to cis/trans isomerization of the sole proline at position 405. To reduce
spectral complexity, we used a P405M mutant to eliminate the single proline in the HlyIIC domain
sequence and stabilize the trans conformation of the peptide bond. The NMR structure of the P405M
mutant showed that HlyIIC has a novel fold, comprised of α-helices and β-strands arranged in a pseudobarrel structure. Here we extend the initial work on the mutant P405M-HlyIIC, by determining the
structure and dynamics of the trans and cis forms of WT-HlyIIC, which exist simultaneously in solution.
We characterize the thermodynamics of interconversion between the cis and trans forms, and determine
the extent of thermodynamic coupling between proline isomerization and protein unfolding. The P405MHlyIIC mutant with a trans peptide bond at position 405 is further subject to a monomer/dimer
equilibrium. We characterize the dimeric state using 15N transverse relaxation rates and pulse field
gradient (PFG) diffusion experiments. 13C-filtered NOESY experiments in conjunction with samples
comprised of mixed 13C and 12C-labeled chains, show that the dimer is formed through domain-swapping
of β-strand 5, the β-strand immediately following the loop harboring the P405M mutation.
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Results
The kinetics of isomerization are slow on the chemical shift timescale resulting in separate resonances for
cis and trans forms of HlyIIC.
Analysis of the 1H-15N HSQC spectrum revealed 132 well resolved peaks, excluding those from
Asn and Gln side chains, which was more than expected for a 94 amino acid protein, with the exception
of proline 405, which was not observed. The extra 39 peaks arose as a result of proline isomerization
around the Gly404-Pro405 peptide bond which was confirmed based on the peaks being well dispersed,
and their absence in the 1H-15N HSQC spectrum of P405M-HlyIIC, a trans-stabilized mutant. To assess
the kinetics of interconversion of WT-HlyIIC the isomerization exchange rate was studied using a 1H-15N
ZZ-EXSY (exchange spectroscopy) experiment [52] (experimental parameters are detailed in chapter 2).
The spectrum yields autocorrelated peaks for the cis and trans conformations as well as cross peaks that
arise due to magnetization transfer between conformational states during a mixing period (τ m), where
cross peak intensities are dependent on τm. Cross peaks may not be observed at short mixing times that do
not capture the interconversion, or mixing times around the same length as T1 relaxation which would
lead to a global loss of peak intensity. 1H-15N heteronuclear exchange spectra of WT-HlyIIC were
collected with mixing delays of 0.42, 0.63, and 1.68s. Cross peaks were not observed for any of the
spectra, even at the longest delay time.
To increase the exchange rate unlabeled human cyclophilin A (Novus Biologicals, Littleton Colorado), a
peptidyl prolyl isomerase (PPI) which catalyzes cis/trans isomerization, was added to the sample for a
final concentration of 20μM, and spectra were collected with 420ms and 630ms mixing times. Cross
peaks were not observed in either spectra (Figure 5-1), though the amount of cyclophilin A used may not
have been sufficient to increase the exchange rate. Based on these observations, isomerization of WTHlyIIC in the absence of a PPI is intrinsically slow on the chemical shift timescale, with interconversion
rates slower than 1s-1. The fact that cis/trans isomerization for WT-HlyIIC is slow both on the chemical
shift and T1 NMR timescales, means that the 1H-1H NOE and 15N relaxation data for the cis and trans
conformations are distinct rather than averaged by chemical exchange. Consistently, many of amide
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protons in WT-HlyIIC that show different NMR signals between the cis and trans states also show
different NOE patterns and 15N relaxation values. This allowed us to calculate non-averaged NMR
structures for the cis and trans states, as well as define distinct dynamic properties.
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Figure 5-1. ZZ-Exchange spectroscopy of WT-HlyIIC shows the kinetics of interconversion are slow
on the chemical shift timescale. A. A L25G Staphylococcal nuclease mutant with about equal
populations of cis and trans conformers was used as a control to confirm observation of exchange
peaks in the 1H-15N zz-exchange spectrum using a range of mixing times. Symmetric cross peaks were
observed at a τm of 420ms, as shown in the inset. Spectra of WT-HlyIIC collected with B. 420ms and
C. 630ms mixing times. Some examples of well resolved correlated cis/trans peaks are boxed, and
there are no cross peaks observed in either spectrum even at lower contours.
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Largest structural differences between WT-HlyIIC conformers are localized, but not limited to areas
around the proline loop.
Attribution of chemical shift assignments [109] for the cis and trans forms of WT-HlyIIC was
established from 15N and 13C-edited NOESY experiments where characteristic NOEs were used to
determine the G404-P405 bond orientation detailed in Figure 5-2. The structures of the cis and trans
isoforms of WT-HlyIIC were calculated independently with the trans stabilized mutant, P405M-HlyIIC,
acting as a model. Solution structures of WT-HlyIIC were determined and present the same α1-β1-β2-β3β4-α2-β5 secondary structure organization, and pseudo-barrel like fold as the previously reported P405MHlyIIC (PDB ID: 2N67) [109]. An ensemble of 25 water refined structures for each WT-HlyIIC isomer
are shown in Figure 5-3, and structural statistics are presented in Table 5-1. Backbone RMSDs were
calculated using superpositions of N, Cα, C', and O atoms of the closest to average cis and trans
structures resulting in a difference of 1.45 ± 0.63Å over all residues (319-412), and 0.98 ± 0.42Å with the
exclusion of the dynamic N-terminus (residues 330-412).
Quantification of structural differences between the WT-HlyIIC conformers was accomplished through
analysis of global displacements calculated over superposition of backbone atoms for residues 330-412,
which excluded the dynamic N-terminus. The largest change occurs in the proline loop (residues 400407) (Figure 5-3B; IV) occurring as a direct result of isomerization of P405, the movement of the proline
loop causes a ~1Å slide of the adjacent helix αB ( Figure 5-3B; III). The second largest change occurs in
the reverse turn at the top of the β1-β2 hairpin, which gets displaced due to steric clash with residues in
the proline loop (Figure 5-3B; II). There are also structural differences that occur at cites distant from the
proline both in sequence and structure. There is a slight (~5°) tilt in the axis of helix αA towards the β1β2 hairpin, as well movement in the loop connecting αA and β1. These isomerization induced changes are
propagated from the proline-containing loop to αB, where 390V is located at the N-terminal end of the
helix. Hydrophobic contacts are made between 390V and 384F, located parallel to 390V in β4, and
between 384F and 338L in αA. Therefore, differences in αA and the adjacent loop region are due to
transmittance of movement through hydrophobic side chains in the protein core.
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Table 5-1. Structural statistics for the 25 lowest energy NMR structures of WT-HlyIIC
Experimental Restraints
trans WT-HlyIIC
cis WT-HlyIIC
NMR Restraints (total)
1717
1750
Distance (total)
1522
1563
a
Intraresidue NOEs
657
729
Sequential NOEsa
236
234
a
Medium Range NOEs (1.8≤|i-j|<5Å)
180
132
a
Long Range NOEs (5Å≤|i-j|)
405
428
Hydrogen bonds
44
40
Dihedral (φ, ψ, χ1)
195
187
Residual restraint violationsb
NOE (Å)
0.0414 ± 0.0003
.0644 ± 0.0002
Dihedral (°)
0.620 ± 0.0173
0.877 ± 0.0197
RMSD from ideal geometry
Bonds (Å)
0.0050 ± 3.0E-05
0.0069 ± 3.3E-05
Angles (°)
0.648 ± 0.0036
.830 ± 0.0039
Impropers (°)
2.09 ± 0.0240
2.06 ± .0227
c
Ramachandran statistics
most favored (%)
77%
75%
allowed (%)
20%
21%
generously allowed (%)
2.50%
3%
disallowed (%)
0.50%
0.80%
c
Procheck Z-score
-4.78
-4.66
Coordinate RMSD
Entire domain (residues 319-412), backbone
1.29 ± 0.270
1.30 ± 0.270
Entire domain (residues 319-412), heavy atom
1.76 ± 0.245
1.72 ± 0.247
Exluding first 11 a.a.: 330-412, backbone
0.65 ± 0.146
0.51 ± 0.081
Exluding first 11 a.a.: 330-412, heavy
1.09 ± 0.137
0.93 ± 0.065
a
classification of NMR distance restraints was done using the QUEEN-CMBI server
http://www.cmbi.ru.nl/software/queen/
b
Structures have no NOE violations > 0.3Å, and no dihedral violations > 5°
c
Ramachandran statistics, and Procheck Z-scores were obtained from results of the PSVS structure
validation server (psvs-1_5-dev.nesg.org/), and are reported as ensemble averages.
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Figure 5-2. Isomerization leads to separate resonances in the NMR spectra of WT-HlyIIC. A. The
15
N-HSQC spectrum of WT-HlyIIC shows split resonances due to proline isomerization. Peaks were
assigned based on separate sequential walks in 3D through bond backbone experiments. Cis peaks are
shown in orange, and trans in blue. NOEs from 15N and 13C–edited NOESY HSQC experiments were
used to determine the G404-P405 peptide bond orientation. B. Strips from a 15N-edited NOESY that
show a strong HN-Hδ NOE between the HN of G404 and the Hδ of P405 (absent in cis) indicating the
trans orientation of the peptide bond. C. Strips from a 13C-edited NOESY showing strong Hα-Hα
connections between G404 and P405 characteristic of a cis peptide bond.

60

Figure 5-3. Comparison of NMR structures for the cis and trans states of WT-HlyIIC. A. Best-fit
superposition of the 25 lowest-energy NMR ensembles for the cis (orange) and trans (cyan) states.
P405, which lies in a loop at the top of the structure, is labeled. Roman numerals indicate regions of
WT-HlyIIC that exhibit significant structural differences in the cis compared to the trans form. B.
Quantification of structural changes via backbone RMSD values (Cα, C’, N). The cyan line shows the
precision of the trans NMR ensemble, the orange shows the precision of the cis form. The black line
shows the backbone RMSD between the mean structures of the cis and trans NMR enembles. Thus
regions where the black line is greater than the cyan and orange lines have significant differences
between the cis and trans structures, corresponding to regions I-IV in panel A. The secondary
structure of WT-HlyIIC is given at the top of the graph. C. Changes in dihedral angles observed for
the segment K403-Y406 in the Pro-bearing loop. D. Illustration of a potential interaction between the
positively-charged K403 from the Pro-bearing loop and the C-terminal macrodipole of helix αB in the
trans structure. In the cis structure, the K403 side-chain has a different conformation, possibly forming
a hydrogen bond with the backbone carbonyl of N352 from the β1-β2 hairpin.
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Backbone dynamics show subtle differences in flexibility between conformers of HlyIIC.
Protein flexibility plays an important role in functionality, and is an essential factor when
considering protein-protein interactions, or inherent stability [110, 111]. Presented in Figure 5-4 are the
data obtained from 15N relaxation experiments. The average R1 values for the cis and trans forms were
1.11 ± 0.10s-1 and 1.12 ± 0.15s-1 respectively. The N-terminus shows increased R1 values for both forms,
as well as in residues I365, and P405-E408. Average R2 values for cis and trans were 14.84 ± 3.58 and
14.36 ± 2.84 respectively. Increased transverse relaxation rates occur in the N-terminus and αA for both
conformers, and around P405 in the cis form. Residue I365 shows a marked decrease in R2 in trans
compared to cis. Heteronuclear NOEs provide information about the motion of individual N-H bond
vectors on the ps-ns timescale. Those that are moving at a faster rate than the correlation time of the
molecule will show a decreased NOE intensity relative to the average of the rest of the molecule,
indicating fast timescale dynamic motion. Spectra were collected with and without proton saturation, and
the ratios of saturated/control intensities were analyzed. The average NOE value for WT-HlyIIC was 0.81
± 0.11 which corresponds well to the theoretical maximum of 0.82 [46]. HlyIIC showed decreased NOE
ratios were at the flexible N-terminus, which was consistent for both conformations.
The 15N relaxation data was used as input for Model Free analysis [21] for the calculation of S2
order parameters and R2ex contributions. Order parameters (S2) are a measure of the degree of N-H bond
motions on the ps-ns timescale ranging from 0, unrestricted motion, to 1, rigid. Figure 5-5 compares the
order parameters for both forms of WT-HlyIIC, and quantifies the differences in backbone flexibility
between the isomeric states. Based on Figure 5-4B, the cis conformation has lower order parameters, a
higher degree of flexibility, compared to trans for residues in the proline loop, and the reverse turn at the
top of β3-β4. Non-zero R2ex terms indicate line broadening due to conformational exchange on the μs-ms
timescale, and are shown for each residue in Figure 5-6.
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Figure 5-4. Backbone dynamics of WT-HlyIIC from 15N relaxation experiments. A. R1 B. R2 C.
Heteronuclear NOE. Values for both the cis and trans forms of WT-HlyIIC appear in each graph as an
overlay for comparison. Values are blue for trans, and orange for cis.

63

Figure 5-5. Backbone dynamics of the cis and trans forms on the ps-ns timescale A. S2 order
parameters for the cis and trans forms. The secondary structure of HlyIIC is indicated at the top of the
panel. B. Differences in S2 order parameters between the trans and cis forms. Segments of the protein
with differences larger than experimental uncertainty are labeled.
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Figure 5-6. R2ex values for WT-HlyIIC. A R2ex contributions for each residue in WT-HlyIIC, where
R2ex values represent line broadening contributions due to conformational exchange on the μs-ms
timescale. B Plot of the differences in R2ex values between the cis and trans conformers of WTHlyIIC. Most contributions come from the cis conformer, and are distributed throughout the structure.
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Temperature Affects the Conformational Equilibrium of WT-HlyIIC.
A study by Andreeva et al. [80] determined that temperature played a key role in Hemolysin II
pore formation and structure, specifically that lower temperatures showed an initial lag in cooperativity
between Hemolysin II subunits indicating a temperature dependence on the oligomerization and pre-pore
formation steps that lead to the creation of the transmembrane pore. Since HlyIIC may play a role in
facilitating the oligomerization process, a temperature titration was performed to investigate if the
cis/trans equilibrium of WT-HlyIIC varied with temperature. A superficial analysis of the 15N-HSQC
spectra collected at 4°C, 10°C, 15°C, 25°C, 30°C and 37°C, show that equilibrium favors the cis
conformation at temperatures below 25°C, and the trans conformation at temperatures above 25°C
(Figure 5-7A). Quantification of this change to extract thermodynamic parameters of the cis→ trans
transition were determined using Van’t Hoff plots, which showed a linear dependence of Keqtrans/cis, on
temperature (Figure 5-7B). Changes in enthalpy and entropy can be found based on the linear regression
of the Van’t Hoff equation (Equation 2.6), average ΔHot/c (Figure 5-7C) and ΔSot/c values were 3.6 ± 0.2
kcal/mol, and 12.3 ± 0.6 cal/(molK) respectively, and ΔGot/c = -0.06 ± 0.27 kcal/mol (Table 5.2).
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Figure 5-7. Temperature effects on the equilibrium constant between cis and trans states, Kt/c. A.
Representative data from 1H-15N HSQC spectra showing the effects of the indicated temperatures on
crosspeak volumes corresponding to the cis and trans states of residue T383. B. Van’t Hoff plot for
residue T383, with the equilibrium constant Kt/c calculated from the crosspeak volume data in panel A.
C. Summary of residues in HlyIIC-WT for which the van’t Hoff enthalpy of cis/trans isomerization
(∆Hot/c) could be accurately measured. The mean ± SEM values over these residues are: ∆Hot/c = 3.6 ±
0.2 kcal/mol, ∆Sot/c = 12.3 ± 0.6 cal/(molK), ∆Got/c = -0.06 ± 0.27 kcal/mol.
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Contributions of proline isomerization to the stability of WT-HlyIIC
Circular dichroism (CD) spectroscopy was used to examine the stability of WT-HlyIIC to
unfolding. A denaturation curve was generated by plotting molar ellipticity at 220 nm as a function of
urea concentration (Figure 5-8). The free energy of unfolding (ΔGU/F), which is the free energy difference
between the folded and unfolded states of a protein, was determined from a 6-parameter non-linear least
squares fit using Equation 2.5, and is reported in Table 5-2. CD spectra show a two-state transition from
folded to unfolded, but do not take conformational contributions to the thermodynamic stability of WTHlyIIC into account. In order to explore these contributions, we used a thermodynamic linkage analysis
shown in Figure 5-9. The top and bottom equilibria (with constants KFt/Fc and KUc/Ut) are for cis/trans
isomerization occurring for the folded and unfolded protein, respectively, and can be directly measured
from peak height ratios in 1H-15N HSQC spectra collected under native and denatured conditions at 25°C.
The equilibria described by the vertical arrows describe the folding/unfolding transition for each
conformation of WT-HlyIIC, and can be calculated using the thermodynamic linkage described in [53]:

𝐾𝑇𝑆 = 𝑒

−∆GF/U
⁄
𝑅𝑇

Equation 5.1

KTS is an averaged two-state equilibrium constant that can be solved using the ΔGU/F that was determined
from CD. R is the ideal gas constant, and T is the absolute temperature. This step is necessary to solve for
KUt/Ft and KFc/Uc using the following equations [112]:

1
𝐾𝑇𝑆

1
𝐾𝑇𝑆

=

=

(1⁄𝐾
)∗(1+ 1⁄𝐾
)
𝑈𝑡⁄𝐹𝑡
𝐹𝑡⁄𝐹𝑐

Equation 5.2

𝐾𝑈𝑐/𝑈𝑡 +1

𝐾𝐹𝑐⁄𝑈𝑐 ∗𝐾𝑈𝑐/𝑈𝑡 ∗(1+ 1⁄𝐾
𝐾𝑈𝑐/𝑈𝑡 +1

𝐹𝑡⁄𝐹𝑐

)

Equation 5.3
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Equation 5.2 was used to solve for KUt/Ft and Equation 5.3 was used to solve for KFc/Uc. Free energies for
all equilibria were calculated using Equation 5.4:

∆𝐺 = −𝑅𝑇𝑙𝑛𝐾 Equation 5.4

K is the equilibrium constant for each equilibrium in the linkage analysis (Figure 5-8) Thermodynamic
parameters are presented in Table 5-2.
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Table 5-2. Thermodynamic parameters (kcal/mol) for conformational changes in the HlyIIC domain
at a temperature of 298 oK.

Global unfolding of WT-HlyIIC
∆GU/F

2.95 ± 0.19 a

cis/trans isomerization of WT-HlyIIC
∆GFt/Fc

0.00 ± 0.10 b

∆HFt/Fc

3.46 ± 0.30 c

T∆SFt/Fc

3.54 ± 0.31 c

∆GUt/Ft

2.72 ± 0.12 d

∆HUt/Ft

N.D. e

T∆SUt/Ft

N.D. e

∆GUc/Ut

0.64 ± 0.05 b

∆HUc/Ut

2.65 ± 1.52 c

T∆SUc/Ut

6.68 ± 4.84 c

∆GFc/Uc

-3.34 ± 0.06 d

∆HFc/Uc

N.D. e

T∆SFc/Uc

N.D. e

a

Obtained from a urea denaturation experiment of WT-HlyIIC measured by circular dichroism ellipticity
at 220 nm.
b
From the equilibrium constant for trans/cis isomerization.
c
From a van’t Hoff analysis of the temperature dependence of the trans/cis equilibrium constant.
d
From a thermodyncamic linkage analysis relating the four states Nc, Nt, Uc, Ut.
e
Not determined.
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Figure 5-8. Urea denaturation of WT-HlyIIC. CD spectroscopy was used to investigate the
equilibrium unfolding of WT-HlyIIC through a titration of 0-6M urea. Samples contained a final
concentration of 10 μM WT-HlyIIC in 20 mM sodium phosphate buffer, and urea was added in 0.1M
increments up to 6 M. Samples were incubated and CD spectra were collected at 298 K, the resultant
curve for molar ellipticity monitored at 220 nm is shown here. The red line going through the points
is the non-linear least squares fit of the data.
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Figure 5-9. Thermodynamic linkage analysis for folded/unfolded WT-HlyIIC. Wild-type HlyIIC
exists in a dynamic equilibrium. Using the linkage analysis shown here, it is possible to determine the
conformational contribution to the stability of the protein. Fc and Ft are the folded cis and trans forms
respectively. Uc and Ut are the unfolded cis and trans forms respectively.
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Surface electrostatics of WT-HlyIIC.
The surface of proteins are imperative to their function, dictating their ability to interact with the
environment. WT-HlyIIC is positively charged, with a pI of 8.8 [109], and much of the surface charge
contribution comes from lysine residues, which comprise about 13% of the protein. To better understand
the functional significance of WT-HlyIIC proline isomerization, differences in the electrostatic surface of
the cis and trans structures were evaluated using APBS [91]. The rationale was that the isomerization
may induce a change in the charge distribution on the solvent accessible surface of the domain, which
would indicate a potential binding interface. Figure 5-10A shows the solvent accessible surfaces
generated from APBS for the closest to ensemble average cis and trans structures. An analysis of the
APBS results for each of the 25 structures in the cis and trans ensembles did not show an evident
difference indicating a potential interface.
To probe the electrostatic surface properties further, 15N HSQC experiments were collected on
0.382 mM samples of WT-HlyIIC, pH 6.0, at 37°C. A control spectrum was acquired with negligible salt,
and with the addition of either 1 M NaH2PO4 or 1 M NaCl (Figure 5-10B,C). To determine whether any
charge dense regions of WT-HlyIIC were affected, specifically those which showed appreciable
differences due to isomerization (Figure 5-2), composite chemical shift differences were analyzed for
each 1 M salt spectrum compared to the control (Figure 5-10D,E). The result was that chemical shift
changes were not localized to any particular region of the protein, but had more of a global effect,
indicating that the charged side chains of WT-HlyIIC are interacting with the ions in solution causing
global structural rearrangement.
A shift in the cis/trans equilibrium was observed in the 15N-HSQC spectra, notably favoring the
cis conformer when compared to the control spectrum. Peak intensity ratios of trans:cis were compared
between the control, and salt addition spectra, and found a significant difference based on a Student’s ttest (99.73% confidence for NaCl, and 99.47% confidence for NaH2PO4) (Table 5-3). This is likely due to
two possibilities: the first is that the cis conformation is stabilized by favorable interactions with the
anions in solution. In a study by Brohl et al. it was found that the cis conformer of prolyl peptide models
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N-Boc-Pro-OMe, N-Boc-Pro-NHMe, and N-Ac-Pro-OMe [113] was favored at 1 M salt due to the
positioning of carbonyl groups on Proline and adjacent moieties presenting an anion binding site. In the
trans conformation of the peptide bond the carbonyls of G404 and P405 are on the same side, burying the
amide group of the peptide where anions would bind. In the cis conformation, the carbonyls of G404 and
P405 are opposite to one another, exposing the amide groups on both residues. The second possibility is
the electronegativity of the salt ions inducing changes in the conformation of the protein, causing
rearrangement based on charges. Some salts are able to leave proteins with residual charges, which due to
electronic rearrangement in the peptide backbone, may lower the activation energy of the trans→cis
transition [114].
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Figure 5-10. Electrostatic properties of cis and trans WT-HlyIIC. A. Electrostatic surface potentials
were mapped onto the cis and trans structures of WT-HlyIIC using APBS [64]. To evaluate the effects
of salt on the WT-HlyIIC structure, 1H-15N HSQCs were recorded for samples containing 0.191 mM
HlyIIC and either B. 1 M NaH2PO4 or C. 1 M NaCl. To determine if salt affected structure composite
chemical shifts were calculated (|∆HN|+0.1|∆N|) comparing chemical shifts in the control spectrum
lacking salt to D. 1 M NaH2PO4 or E. 1 M NaCl. Differences for the trans and cis forms in panels D
and E are shown as blue traces for trans and orange traces for cis.
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Table 5-3. Change in WT-HlyIIC trans/cis Ratio in Absence
and Presence of 1 M Salta.
Residue
13
15
16
18
27
32
37
38
57
59
60
62
65
79
81
83
84
85
86
91

Control 37°C
0.979 ± 0.000
1.108 ± 0.000
1.569 ± 0.000
1.290 ± 0.000
2.157 ± 0.001
2.630 ± 0.001
1.314 ± 0.082
1.299 ± 0.009
0.924 ± 0.014
0.949 ± 0.000
2.067 ± 0.168
1.072 ± 0.000
1.268 ± 0.000
1.099 ± 0.052
2.583 ± 0.115
1.427 ± 0.075
1.644 ± 0.093
1.900 ± 0.103
1.537 ± 0.093
1.641 ± 0.073

1 M NaClb
0.907 ± 0.034
1.260 ± 0.000
0.878 ± 0.000
0.895 ± 0.028
1.088 ± 0.080
1.568 ± 0.000
1.044 ± 0.074
1.743 ± 0.016
1.272 ± 0.105
0.465 ± 0.044
1.400 ± 0.099
0.940 ± 0.060
0.410 ± 0.000
1.052 ± 0.043
1.193 ± 0.037
0.642 ± 0.021
1.206 ± 0.083
1.080 ± 0.058
1.434 ± 0.088
1.092 ± 0.060

1 M Na2HPO4c
1.491 ± 0.000
1.034 ± 0.001
0.790 ± 0.000
0.505 ± 0.000
1.061 ± 0.000
1.834 ± 0.000
1.080 ± 0.002
1.322 ± 0.000
1.185 ± 0.000
0.979 ± 0.002
0.741 ± 0.001
1.040 ± 0.001
1.231 ± 0.000
N.A.d
1.181 ± 0.001
0.869 ± 0.001
1.473 ± 0.003
1.309 ± 0.002
1.072 ± 0.001
1.119 ± 0.001

a

errors in ratios were calculated using the RMSD baseline noise for each peak
Means between 1 M NaCl and control ratios are significantly different based on a
Student’s t-test (t value = 3.24, t probability=0.002)
c
Means between 1 M NaCl and control ratios are significantly different based on a
Student’s t-test (t value = 3.00, t probability = .005)
d
not available.
b
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A P405M trans-stabilized mutant forms a dimer at higher temperatures and concentrations.
The initial structure of HlyIIC was solved using a trans stabilized mutant, P405M-HlyIIC, as it
eliminated the cis form thereby decreasing spectral complexity and facilitating data analysis [109].
Despite this attempt to reduce complexity, a minor form of P405M-HlyIIC was seen in 1H-15N HSQC
experiments that was concentration and temperature dependent (Figure 5-11). The minor form was found
to be a folded homodimer based on pulsed field gradient diffusion experiments[56], and a comparison of
T2 relaxation rates (R2) obtained from 15N relaxation experiments (Figure 5-12).
Diffusion experiments could be used to distinguish P405M-HlyIIC monomer from dimer based
on how quickly each molecule is able to move through solution. Spins are pulsed 90° and are allowed to
precess for a time before a pulsed field gradient is applied which dephases the nuclei. After another delay,
a 180° pulse is applied that will refocus some spins, but others will remain dephased. The amount of
dephasing is dependent on translational motion. Molecules that diffuse slowly will be refocused, while
those that diffuse quickly will remain dephased, leading to a loss of signal. Plotting the signal intensity as
a function of gradient field strength allows for the determination of a diffusion coefficient, Ds. The
expected result is that a larger molecule will have a smaller diffusion coefficient. Data shown in Figure 511C supports this, as the diffusion coefficient for the dimer is smaller than for the monomer. The Radius
of hydration (RH) can be calculated using the amino acid sequence, where N is the number of residues. Rh
is defined as the radius of a sphere that has the same diffusion coefficient as the protein. The observed
1.5-fold decrease in diffusion constant is consistent with the ~1.2 fold decrease predicted by Equation 5.5
[115](Wilkins 1999) for a doubling in size of P405M-HlyIIC going from a monomer to a dimer.

𝑅𝐻 = (4.75 ± 1.11)𝑁 0.29 ±0.02 Equation 5-5

15

N relaxation was used to compare T2 relaxation rates (R2) between the monomer and dimer. T2

relaxation is caused by transient magnetic fields due to molecular motions. When the reorientation rate is
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slowed, the transient magnetic moments that cause T2 relaxation are occurring over a longer time period,
so as the correlation time increases, the time it takes for T2 relaxation will occur faster. Representative
data shown in Figure 5-11B shows the R2 value of 11.6 for the monomer is consistent with the theoretical
MW of 10.5 KDa, similarly the R2 value of 18.5 Hz for the dimer is consistent with the predicted MW of
21 KDa.

Figure 5-11. P405M-HlyIIC dimer formation is temperature and concentration dependent. A
temperature titration, and dilution series were collected to better assess optimal conditions for
observation, obtain thermodynamic parameters from Van't Hoff plots, and determine the dimer
dissociation constant, KD. This matrix shows T383 peaks in each 15N-HSQC to illustrate the relative
differences in peak intensity for the monomer and dimer at each condition. Bolded D and M at 33℃
and 1.0mM denote the peak associated with dimer and monomer respectively.
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Figure 5-12. Dimerization of P405M-HlyIIC. A. 1H-15N HSQC spectrum of P405M-HlyIIC
documenting assignments for monomer (green) and dimer (purple) NMR resonances, which are in
slow exchange on the chemical shift timescale. B. 15N R2 relaxation data looking at the dimerization
of P405M-HlyIIC, illustrated for the representative residue N392. C. Self-diffusion data for P405MHlyIIC measured using a phase sensitive, sensitivity enhanced 3D DOSY experiment [40]. The dimer
has a smaller self-diffusion constant (Ds) than the monomer due to its larger size. Structural studies of
the P405M-HlyIIC dimer were acquired on a 0.8 mM sample, 15N relaxation experiments were
acquired for 0.2 mM sample, and diffusion experiments were acquired on a 0.67 mM sample. All
samples were in 20mM NaH2PO4 buffer at pH 6.6, and all experiments were collected at 33°C
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TEMPOL was used to determine residues involved in the dimer interface.
TEMPOL is a small, neutrally charged paramagnetic probe that can easily be added to sample to
investigate solvent accessibility in molecules. Paramagnets have an unpaired electron which will strongly
align with the external magnetic field, causing a significant increase in T1 relaxation rates for nuclei
within the vicinity. Thus, nuclei that are solvent exposed exhibit peak attenuation in the presence of
TEMPOL. Data collection and calculations of attenuation values are described in Chapter 2. Figure 5-13A
shows the attenuation numbers for residues with well resolved monomer and dimer peaks in the 15N
HSQC. Residues with below average attenuation values (F375, V376, E379, F384, I393, N395, E408, and
Q411) have less accessibility to TEMPOL, and may participate in the dimer interface. Q411 in particular
shows a significant amount of protection from TEMPOL. All of the residues noted come from the second
half of the protein, specifically from strands β3, β5, and helix αB.

Determination of a preliminary P405M-HlyIIC dimer structure.
Separate resonances attributed to the dimer were observed in the HSQC for approximately 20
residues. This indicates that the monomer dimer equilibrium is slow on the chemical shift timescale.
Differences in chemical shift indicate changes in magnetic environment hence, residues involved or
affected by dimerization. Since the rest of the peaks show no appreciable chemical shift differences, they
are considered to be magnetically equivalent. A necessary initial step to structure determination is
assigning chemical shifts to their respective spin systems. Identification and assignment of dimer peaks in
the 15N HSQC was accomplished by analysis of through bond backbone experiments HNCACB, and
HNCO. A 15N-TOCSY HSQC was utilized to aid in identification and confirmation of amino acid type
along with characteristic shifts from the HNCACB to help lessen ambiguity in assignments. The resultant
15

N HSQC is shown in Figure 5-11A.
Resolving a structure requires input restraint sets that provide information on distances, hydrogen

bonds, and dihedral angle constraints. Because the dimer does not show chemical shift differences for the
first half of the molecule, intramolecular constraints for that half of each monomer were kept the same.
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The results from paramagnetic probing showed Q411 as being well protected from solvent affects, so data
analysis of isotope filtered and 13C-edited NOESY HSQC spectra began with this residue. Though no
intermolecular NOEs were observed for Q411, there were distinct interchain contacts between I412 and
W372 (Figure 5-12B,C). This, as well as other interchain NOEs observed between β5 of one chain and β3
of the other strongly suggest the domain swapping of β5. Current structures show two populations of
domain swapped dimer, one is more “compact” and has the two monomers mirrored around the interfacial
region, and the other adopts a more extended structure where the β5 from each chain extends away from
its respective monomer (Figure 5-13D).

81

Figure 5-13. P405M-HlyIIC dimer interface and initial structures. A. Attenuation numbers were
calculated based on Equations 2.8 and 2.9 in Chapter 2 using peak volumes from a diamagnetic control
and a sample with 27.5 mM TEMPOL. The black line in the center denotes the average attenuation, and
the transparent red box is the standard deviation of the values. Residues with attenuation numbers above
the average are solvent accessible, while those below average are protected from the enhanced
relaxation effects from TEMPOL. Of note, residues Q411, and G373 shows the highest amount of
protection, and are denoted by an asterisks. B. Intermolecular NOEs from isotope filtered 13C NOESYHSQC experiment. Each strip is from a 13C plane of the NOESY-HSQC. Sample contained 1:1 of
labelled and unlabeled P405M-HlyIIC for a final concentration of 0.8mM and was incubated at 37°C to
induce dimer formation, creating a mixed chain homodimer. In the isotope filtered experiment,
magnetization is transferred from the 13C labeled chain to the 12C and back for detection. Interchain
NOEs from labelled sample are filtered using pulsed field gradients. C. Map of the tentative P405MHlyIIC interface showing residues involved in the interchain contacts shown in panel B. D. Two
populations of domain swapped dimer exist from calculations based on the current restraint set. A
compact model (top) and an extended model (bottom).
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Discussion
Proline isomerization plays an important functional role in proteins, acting as a molecular timer,
conformational switch, and a rate limiting step in protein folding [10, 116-119]. The pore-forming toxin
Hemolysin II has a C-terminal domain with unknown function that undergoes proline isomerization of the
G404-P405 peptide bond. To better understand the domain’s purpose and the contextual significance of
the proline isomerization we resolved the solution structures of the cis and trans conformations of WTHlyIIC, as well as investigated stability to unfolding, and dynamic properties.
Global differences between the cis and trans structures are localized to the proline loop and
surrounding areas, with smaller changes propagated through the structure via hydrophobic side chains.
Since HlyIIC may play a role in the oligomerization step of Hemolysin II transmembrane pore formation
[25, 72, 109], it was hypothesized that isomerization may expose a binding interface that could participate
in intermolecular interactions, perhaps with the host cell membrane or between toxin protomers. Results
showed that there were no visually apparent differences in surface electrostatics induced by proline
isomerization. The cis conformation was found to be favored in high salt conditions, though this is likely
due to stabilizing ionic interactions between HlyIIC and solvent rather than having biological
significance, especially when considering the non-physiological concentration of salt used. In a study of
the SH2 domain of Interleukin-2 tyrosine kinase, only subtle conformational differences between cis and
trans states were seen outside of the proline-containing CD loop, yet those differences were enough to
cause distinct preferential ligand binding for each conformation [9]. This could mean that despite subtle
differences, HlyII may serve a similar function.
Dynamic information obtained from 15N relaxation data as well as S2 order parameters display
subtle differences in backbone flexibility on the ps-ns timescale between the cis and trans forms of WTHlyIIC. S2 order parameters for the cis conformation are lower in the proline loop region and the reverse
turn at the top of β3 and β4, which is structurally proximal to the proline loop. R2ex contributions, or line
broadening due to conformational exchange on the μs-ms timescale, are mainly concentrated in αA and
αB. More contributions appear to be coming from the cis conformer, and there is a distinct spike for the
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residues on either side of P405. Based on these observations, WT-HlyIIC has slightly greater flexibility in
the cis state compared to trans.
Stability of HlyIIC to unfolding, determined from urea denaturation experiments, showed that the
domain is stable under non-denaturing conditions, though ΔGU/F is slightly lower than prototypical values,
which range between 5-15 kcal/mol [120, 121]. To investigate the enthalpic and entropic conformational
contributions to this stability, we performed a thermodynamic linkage analysis. Values from Table 5-2
show that the cis/trans interconversion in the folded WT-HlyIIC is at thermodynamic equilibrium at
298K. Van’t Hoff plots showed this equilibrium is temperature dependent, where cis-WT-HlyIIC is
enthalpically favored and trans-WT-HlyIIC is entropically favored. In the unfolded state, the cis
conformation is enthalpically disfavored, yet NMR spectra from denatured WT-HlyIIC show a cis/trans
ratio of 0.35, which equates to a cis population of ~23%. An explanation for this is that generally, nonprolyl peptide bonds disfavor a cis conformation due to the high energy barrier imposed by the partial
double bond character, and also due to steric clash between Cα(i-1) and Cαi atoms [122]. In X-Pro peptide
bonds, where X can be any amino acid, the energy barrier to transition is lowered due to the cyclic nature
of the proline side chain which allows for a higher population of cis-Pro in unfolded proteins, ranging
from 5-80% in model peptides [122].
The trans stabilized mutant, P405M-HlyIIC, offers a unique insight into the behavior of WTHlyIIC when it loses the ability to isomerize, and may shed light on the structural significance of P405.
Based on previous studies, P405M-HlyIIC is thermally destabilized by ~5°C compared to WT-HlyIIC
[109]. A minor form was found to correspond to a folded dimer, confirmed by comparison of diffusion
coefficients and R2 values between the monomer and dimer. Intermolecular NOEs point to domain
swapping of strand β5, where contacts are made with β3 on the partnering chain. One speculation for the
purpose of dimerization was that it offered some kind of stability as P405M-HlyIIC became destabilized
at higher temperatures. A similar circumstance was observed in a study of Ribonuclease A (RNase A) by
Miller et al where C-terminal domain swapping was promoted when P114 in the hinge region was
mutated to either Gly or Ala, which preferentially form trans peptide bonds [123]. Similar to P405M84

HlyIIC, the trans stabilized variants P114G and P114A of RNase A had a global destabilizing effect on
the monomer, and formed domain swapped dimers. An exception was P93A*, which maintained the P114
in the hinge region but destabilized RNase to the same degree as the other variants yet did not form a
domain swapped dimer. Their conclusion was that dimerization was not due to global destabilization, but
the creation of an exchange competent form of the protein which may just simply be the trans state of the
native monomer [123]. This could also be the case for P405M-HlyIIC, as dimerization is not seen in 15NHSQC spectra for WT-HlyIIC samples concentrated to 2 mM and collected at 40°C [109]. In an
exhaustive search for dimerization in WT-HlyIIC, a spectrum was collected on an 8.8 mM sample at
37°C. The spectrum showed minor form peaks, but it is unlikely to be attributed to a folded dimer, as
most of the minor peaks fall in the random coil region of the spectrum. These results could imply that the
cis conformation prevents oligomerization, though currently there is no clear mechanism.
Although the physiological significance of HlyIIC remains a mystery, the structures of multiple
conformational states have been solved, along with corresponding information on backbone flexibility
and stability. This provides a base for future biochemical and biophysical studies to determine the
function of HlyIIC. Since HlyIIC can easily be expressed and purified, it may also serve as a model
peptide to explore proline isomerization, and mechanisms underlying domain swapping.
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Reprinted from: Kaplan, A.R., Brady, M.R., Maciejewski, M. W., Kammerer, R.A. & Alexandrescu, A.T.
Nuclear Magnetic Resonance Structures of GCN4p Are Largely Conserved When Ion Pairs Are
Disrupted at Acidic pH but Show a Relaxation of the Coiled Coil Superhelix
Megan Brady assigned chemical shifts at each pH, and analyzed T1ρ data.
Dr. Alexandrescu , Megan, and I worked on structure calculations equally.
Dr. Alexandrescu calculated the structures for analyzing the superhelical frequency as a function of
interchain NOEs
I performed all other experiments

Chapter Six. GCN4p Effect of pH on Coiled-Coil Structure
Abstract
To understand the roles ion pairs play in stabilizing coiled coils, we determined nuclear magnetic
resonance structures of GCN4p at three pH values. At pH 6.6, all acidic residues are fully charged; at pH
4.4, they are half-charged, and at pH 1.5, they are protonated and uncharged. The α-helix monomer and
coiled coil structures of GCN4p are largely conserved, except for a loosening of the coiled coil quaternary
structure with a decrease in pH. Differences going from neutral to acidic pH include (i) an unwinding of
the coiled coil superhelix caused by the loss of interchain ion pair contacts, (ii) a small increase in the
separation of the monomers in the dimer, (iii) a loosening of the knobs-into-holes packing motifs, and (iv)
an increased separation between oppositely charged residues that participate in ion pairs at neutral pH.
Chemical shifts (HN, N, C′, Cα, and Cβ) of GCN4p display a seven-residue periodicity that is consistent
with α-helical structure and is invariant with pH. By contrast, periodicity in hydrogen exchange rates
at neutral pH is lost at acidic pH as the exchange mechanism moves into the EX1 regime. On the basis of
H−15N nuclear Overhauser effect relaxation measurements, the α-helix monomers experience only small
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increases in picosecond to nanosecond backbone dynamics at acidic pH. By contrast, 13C rotating frame
T1 relaxation (T1ρ) data evince an increase in picosecond to nanosecond side-chain dynamics at lower
pH, particularly for residues that stabilize the coiled coil dimerization interface through ion pairs. The
results on the structure and dynamics of GCNp4 over a range of pH values help rationalize why a single
structure at neutral pH poorly predicts the pH dependence of the unfolding stability of the coiled coil.
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Introduction
A principal advantage of NMR for structural studies is the ability to study molecules in solution
[13] and to investigate how structure responds to changes in the environment. Thus, one could make
“movies” of structures, where each frame corresponds to an incremental change in solution conditions.
While NMR has become one of the main techniques for structure determination and there has been
exciting progress in extending NMR methodology to ever larger and more complex macromolecules and
assemblies [124, 125], the use of the technique to detail small structural changes is relatively unexplored.
In X-ray crystallography, closely related structures can be determined routinely with the aid of molecular
replacement and difference Fourier maps [126]. Analogous approaches in NMR have not yet been
developed. Moreover, there is the issue of the level of precision needed for NMR to accurately model
small structural changes [124]. The motivation for sampling structure under a variety of conditions is that
to fully understand biological function it is often indispensable to have structural information about
multiple conformational states [127]. For example, for rational drug design, it is useful to have models of
both the free and ligand-bound receptor. To relate structure to stability, it helps to know how the structure
responds to excursions from physiological conditions, such as the presence of denaturants, changes in
temperature, or changes in pH. In particular, theoretical attempts to account for contributions to protein
stability from the charging of ionizable residues have had only limited success, partially because
structures are typically available at only one pH value [37, 128, 129]. The GCN4p leucine zipper
fragment of the yeast transcriptional activator GCN4 is a 33-residue coiled coil dimer (7.6kDa) that has
had its structure extensively determined and has been the subject of numerous biophysical studies [27, 49,
130-136]. Ion pairs, interactions between oppositely charged residues, are often seen in X-ray structures
of coiled coils [133, 137, 138], and mutagenesis of the charged residues can result in significant stability
losses [27, 139]. By contrast, the pKa values of GCN4p, which have been completely determined by
NMR in solution, predict only small contributions to stability from charge interactions [37, 49].
Continuum electrostatic calculations of pKa values in GCN4p, based on the X-ray structure of the
coiled coil [Protein Data Bank (PDB) entry 2ZTA] [133], were used to model the experimentally
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determined pH dependence of stability to urea unfolding [37]. While the stability profile matched
experiment near neutral pH, theoretical calculations overpredicted the destabilizing effects of the titration
of ionizable residues at extremes of pH. The most likely source of error in the calculations is that they
were based on a single structure of GCN4p at neutral pH, with no information about the nature of
structural rearrangements that accompany changes in pH [37, 128, 129]. To the best of our knowledge,
the only study to systematically address changes in structure accompanying changes in pH is a
crystallographic study of ribonuclease A, which followed the titration of histidines at six pH values
ranging from 5.5 to 8.8 [140]. Structural changes included local changes around the histidines in the
active site of the enzyme, as well as more distant concerted perturbations transmitted from His48 to the
region near Glu101 by a network of hydrogen bonds (H-bonds) [140].
In this work, we examine the GCN4p coiled coil structure between neutral and acidic pH. Acidic
rather than basic pH was chosen for these studies, because high pH leads to the loss of
NMR signals from amide protons due to base-catalyzed exchange with solvent [141]. Guided by our
complete determination of pKa values for acidic and basic residues in GCN4p [37], we chose three pH
values for NMR structure determination. At pH 6.6, all of the acidic residues in the protein are charged,
and ion pairs in the coiled coil are fully formed. At pH 4.4, near the pKa values of the Asp and Glu
residues (that cover a pH range between 4.6 and 3.5), the populations of charged and uncharged states are
approximately equal. At pH 1.5, well below their pKa values, the acidic residues are protonated and
uncharged; therefore, all ion pairs in the coiled coil are broken. An analysis of Crick coiled coil
parameters [142], and of the knobs-into-holes packing [143] that is characteristic of coiled coils, was used
to investigate perturbations of the quaternary structure of the homodimer. Distances between charged
residues were analyzed to correlate side-chain structural changes with the breaking of ion pairs at low pH.
We looked at the backbone dynamics of the coiled coil as a function of pH, using 1H−15N NOE relaxation
data that probe fast motions on the fast picosecond to nanosecond time scale and 1H to 2H hydrogen
exchange (HX) that is sensitive to motion on a slow time scale of hours or longer. Finally, differences in
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side-chain dynamics between near-neutral and acidic pH were investigated with rotating frame T1
relaxation data (T1ρ) for methylene 13C nuclei in polar and nonpolar residues.

Results
Chemical Shifts Are Consistent with GCN4p Retaining α-Helical Structure at Acidic pH.
Figure 6-1 shows assigned 1H−15N HSQC spectra of GCN4p at the three pH values used for
structure determination. The spectra have a single set of NMR resonances corresponding to the amino
acid sequence of the monomers, indicating that the peptide chains are magnetically equivalent because of
the 2-fold symmetry of the coiled coil homodimer. There are changes in 1H and 15N shifts between pH 6.6
and 1.5 (Figure 6-1A,C); a chemical shift difference plot (Figure 6-2) indicates that most of the
differences occur near the ionizable Glu residues that titrate with pH and the basic Arg and Lys residues
that can ion pair with them. Figure 6-3 shows plots of chemical shift differences between GCN4p and
random coil values. The HN (Figure 6-3A) and N (Figure 6-3B) shifts show average chemical shift
differences near zero. By contrast, the C′ and Cα atoms (Figure 6-3C, D) show overall positive
differences and the Cβ atoms (Figure 6-3E) negative differences that are all consistent with α-helical
secondary structure [144]. As previously reported [130], the HN resonances show a periodicity where
heptad repeat positions a and e show large downfield shifts (positive differences) and positions b and f
large upfield shifts (Figure 6-3A). The N resonances show a periodicity where g positions have large
values and b positions have small values (Figure 6-3B). The periodicity of C′ nuclei gives large shift
differences for c positions and smaller values for a and d positions (Figure 6-3C). The periodicity of C′
chemical shift differences has been previously noted for another coiled coil [145]. For the Cα and Cβ
chemical shift differences, we see increased chemical shift differences for heptad positions a and d,
respectively (Figure 6-3D,E). To the best of our knowledge, the chemical shift periodicity for N, Cα, and
Cβ nuclei has not been previously described.
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Figure 6-1.1H−15N HSQC spectra of GCN4p at pH A. 6.6, B. 4.4, and C. 1.5. Peaks below the contour
level shown are marked with the symbol “X”. Cross-peaks from Asn and Gln side-chain amide protons
are connected by dashed horizontal lines, labeled in black type, and marked with the superscript “sc”.
The side-chain amide protons of N16 are folded in the 15N dimension. The residue numbering scheme
used in this and subsequent figures is the same as that of the GNC4p X-ray structure (PDB entry
2ZTA). Blue arrows in panel C indicate cross-peaks from trace amounts of the X form, which is
stabilized at low pH.
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The chemical shift periodicity for the HN resonances is correlated with the lengths of backbone
NH···OC′ H-bonds in the 2ZTA structure [130, 133]. The H-bond lengths vary because of the alternating
pattern of hydrophobic and hydrophilic residues in the α-helix, which bends the α-helix monomers to
form the supercoil in the coiled coil [146]. The fact that the periodicity patterns seen for different types of
nuclei such as HN, N, C′, Cα, and Cβ are different suggests that except for HN signals, the chemical shift
periodicity is not related to H-bond length but is a feature of α-helix secondary structure. A periodic
variation of H-bond lengths along the length of an α-helix, and the ensuing bending, is not unique to
coiled coils but also occurs in regular α-helices [147]. Thus, at least for HN chemical shifts, a sevenresidue periodicity identical to that observed in coiled coils is seen for regular α-helices in the micellebound states of the peptides mastoparan [148] and amylin [149]. To test the extent to which the chemical
shift periodicity observed for GCN4p (Figure 6-3) is a generic feature of α-helices, we examined the
SLAS micelle-bound state of monomeric α-synuclein, for which comprehensive NMR assignments are
available (BMRB entry 16302) [150]. We found a similar albeit weaker periodicity pattern as seen for
GCN4p (Figure 6-3) for the HN, C′, and Cα signals of the first 40 of ∼90 residues that adopt an α-helix
structure in the micelle-bound state of α-synuclein (Figure 6-4). Only the N nuclei appear to have a sevenresidue periodicity that is shifted by three sequence positions compared to that of the coiled coil (Figure
6-4). The periodicity pattern can be extended to residue ∼70, if it is assumed that there is a two-residue
sequence insertion near residue 40, probably a consequence of a kink or a bend in this region of the αsynuclein helix. The pattern can be further extended to residue ∼85 if another one-residue insertion is
allowed at position 77. The fact that the chemical shift periodicity seen for GCN4p whose sequence is
based on heptad repeats is similar to that observed for α-synuclein that has a sequence based on 11residue repeats strongly suggests that these patterns are characteristic of α-helical structure rather than a
specific feature of coiled coils. Further support for this hypothesis comes from our analysis of chemical
shift deviations from random coil values in the X form of GCN4p (BMRB entry 5744) [131], which is
likely to be an α-helix monomer rather than a dimer. The chemical shift periodicity of the reported HN, N,
and Cα nuclei [131] is conserved in heptad repeats 1 and 3 but breaks down for heptad repeat 2, which
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has a lower fractional population of α-helix.13 It is only the Cβ nuclei that appear to be sensitive to
whether the GCN4p polypeptide is in an α-helical monomer or a coiled coil dimer [131].
Chemical shift differences from random coil values for the HN, N, C′, Cα, and Cβ nuclei of
GCN4p as well as their sequence periodicities are highly conserved between pH 6.6 and 1.5 (Figure 6-3).
This strongly suggests that the α-helical secondary structure of the GCN4p dimer is retained from neutral
pH to acidic solutions as low as pH 1.5.

Figure 6-2. Absolute differences in A. HN and B. N chemical shifts between GCN4p at pH
6.6 and pH 1.5. The largest chemical shift differences occur near the charged residues,
which are shown in bold type.
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Figure 6-3. Chemical shift differences from random coil values. A. HN, B. N, C. C', D. Cα, and E.
Cβ nuclei. Sequence and heptad repeat positions are given in each panel. Arrows denote periodicity
in chemical shift values with respect to heptad repeat positions, with black and gray arrows
indicating large and small chemical shift deviations, respectively.
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Figure 6-4. Chemical shift differences from random coil values for A. HN, B. N, C. C' and D. Cα
nuclei of α-synuclein bound to SLAS micelles (BMRB accession code 16302), where the protein
forms a long ~100 a.a. continuous α-helix. The plots were obtained by arbitrarily assigning residue 12
of α-synuclein to a pseudo)heptad a position, and propagating pseudo-heptads along the sequence to
residue 91. A two residue gap was introduced at position 47 where there is a kink in the α-helix of αsynuclein and a one residue gap at position 77. The periodicity and trends in chemical shifts for αsynuclein, which is not a coiled coil (for example HN residues in pseudo-heptad a and e positions have
large differences whereas those for g and f are small) are similar to those for the GCN4 coiled coil
(compare to Fig. 6-3), suggesting the effects are a generic property of α-helices rather than a specific
feature of coiled coils. The exception is the N nuclei, where compared to the coiled coil the periodicity
has shifted from g (large) – b (small) to d (large) - f (small), a three residue sequence position offset
compared to the other nuclei.

94

Structure Determination of GCN4.
To gain insight into the structural changes accompanying acidification, we determined NMR
structures of GCN4p at pH 6.6, 4.4, and 1.5. Structure calculations were based on dihedral angle restraints
calculated from chemical shifts using TALOS-N [44], hydrogen bond restraints for protected amide
protons, and distance restraints from 3D 15N- and 13C-edited NOESY-HSQC spectra. A problem that
arises for structure determination of symmetric oligomers, in which the monomers are magnetically
equivalent, is distinguishing NOE distance contacts within a monomer from those between monomers.
Although many symmetric oligomer NMR structures have been determined using an ambiguous restraint
strategy [151], we thought we could get more equivocal results for GCN4p by directly measuring
interchain NOEs using a 13C-filtered NOESY experiment that transfers magnetization only from protons
on 12C monomers to protons on 13C monomers, in dimers formed from a mixture of 12C and 13C chains
[36, 152]. Figure 6-5A shows the aromatic region of a 1D 1H NMR spectrum of the GCN4p 12C/13C
mixed dimer sample prepared by combining the chains under denaturing conditions and refolding the
protein by dialysis of the urea denaturant. Each of the four aromatic signals from GCN4p shows a triplet,
where the inner component (solid line) corresponds to protons attached to 12C chains and the outer
components (dashed lines) correspond to protons attached to 13C, which are split by the one-bond 1JHC
coupling. Figure 3B compares a 13C-edited 1D spectrum (bottom) with the first FID of the 3D 13C-F1filtered, 13C-F3-edited NOESY-HSQC experiment (top). Most of the NOE signal in the top spectrum
comes from the methyl region between 0.8 and 1.0 ppm, consistent with the coiled coil dimerization
interface being comprised of methyl groups from hydrophobic Leu and Val residues.
It is evident from the top spectrum that the efficiency of NOE transfer in the 1D 13C-filtered
NOESY experiment is poor. To obtain acceptable sensitivity, it was necessary to collect the 3D 13C-F1filtered, 13C-F3-edited NOESY-HSQC spectra for 6.5 days at 800 MHz, at each of the three pH values.
Figure 3C compares representative 1H−1H NOESY strips at the indicated 13C planes from the 3D 13Cfiltered NOESY experiments at the three pH values. The strips for the Val30 Hα proton, showing NOEs
to the Val30 Hγ2 methyl group on the opposite chain, are representative of the majority of interchain
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contacts that are unchanged with pH. By contrast, the Met2 Hε methyl group shows interchain NOEs to
the Leu5 Hδ methyl that are conserved with pH, but a number of other NOEs at pH 6.6 to Ser1, Met2, and
Lys3 on the opposite chain disappear at low pH. Finally, the Lys27 Hε methylene protons show NOEs
to the Leu26 Hδ1 methyl and Glu22 Hβ1 protons from the opposite chain, with the latter NOE likely due
to the Lys27−Glu22 interchain salt bridge. The NOE to the Glu22 Hβ1 proton is lost below pH 6.6, while
those to the Leu26 Hδ1 methyl group decrease with a lowered pH. Both observations are likely to be a
manifestation of the disruption of the Lys27−Glu22 interchain salt bridge at acidic pH.
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Figure 6-5. 13C isotope-filtered NOESY experiments with GCN4p. A. Aromatic region from a 1D 1H
NMR spectrum of the 12C/13C mixed dimer sample of GCN4p at pH 6.6, demonstrating the mixture of
the 12C and 13C chains. B. Illustration of the efficiency of NOE transfer between 12C and 13C chains.
The bottom trace shows the 13C-edited 1D NMR spectrum of the mixed 12C/13C mixed dimer GCN4p
sample at pH 6.6 (obtained by averaging 16 transients in 0.25 min and processed with a line
broadening of 2 Hz). The top trace is the first FID of the corresponding 3D 13C-F1-filtered, 13C-F3edited NOESY-HSQC spectrum (obtained by averaging 256 transients in 4 min, processed with a line
broadening of 10 Hz, and shown at 15 times the vertical scale). Because of the poor sensitivity of
NOE transfer, the corresponding 3D 13C-F1-filtered, 13C-F3-edited NOESY HSQC experiment was
performed for 6.5 days (corresponding to averaging of ∼360000 transients). C. Comparisons of
representative strips from 13C planes of the 3D 13C-filtered NOESY spectra recorded at each of the
three pH values. The diagonal is indicated in each strip.
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Structures of GCN4p as a Function of pH.
The NMR structures of GNC4p at pH 6.6, 4.4, and 1.5 are shown in Figure 6-6. Statistics for the
NMR structures are listed in Table 6-1. For calibration, we compared the NMR structures to a set of six
X-ray structures of GCN4p shown in Figure 6-6A. The X-ray structures were selected because they did
not have large sequence changes compared to that of WT GCN4p; they were not linked to large cofactors
or proteins that could perturb the coiled coil, and the crystals were grown over a range of pH values (from
8.5 to 6.0) near neutrality.
The NMR structures at pH 6.6 (Figure 6-6B) are very similar to the X-ray structures of GCN4p
near neutral pH (Figure 6-6A). The main difference is that surface polar side chains show greater
conformational variability in the solution NMR structures compared than the X-ray crystallography set
does (Figure 6-7). This is typical of other proteins when their NMR and X-ray structures are compared.46
By contrast, the side chains of the a and d heptad positions that make up the hydrophobic core of the
coiled coil are well-defined and show similar rotameric states (Figure 6-6A,B), except for N16, which
exists in two conformations in the X-ray structure [133].
The RMSDs between the pH 6.6 NMR structures and the prototypical 2ZTA X-ray structure of
GCN4p are 0.79 and 1.04 Å for the backbone and all heavy atoms, respectively (Table 6-1). It is worth
noting that because of crystal lattice packing distortions, the two polypeptide chains in the 2ZTA X-ray
structure are not identical. Thus, chains A and B of the 2ZTA X-ray structure differ with backbone and
heavy atom RMSDs of 0.63 and 1.40 Å, respectively. The variation within the set of six X-ray structures
(Figure 6-6A) is similar albeit smaller than that between the two chains of the 2ZTA X-ray structure, with
RMSDs of 0.26 and 0.34 Å for backbone and all heavy atoms, respectively. The fact that the structural
agreement is better among the set of six X-ray structures than between two chains of a single X-ray
structure could be a consequence of GCN4p crystallizing in the same C121 space group in all six cases.
Thus, the structures of the A and B monomers would be subject to the same lattice packing perturbations
in all six crystallographic structures.
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As the pH is lowered to 4.4 (Figure 6-6C) and 1.5 (Figure 6-6D), there is a small but systematic
decrease in the precision of the NMR structures compared to that at pH 6.6 (Figure 6-6B). Additionally,
the NMR structures diverge from the pH 6.6 NMR structures and from the 2ZTA X-ray structure with a
decrease in pH (Table 6-1). The RMSD between the neutral and acidic pH structures is larger and
increases faster with pH for the coiled coil dimer than for the individual α-helix monomers (Table 6-1)
[84, 85]. This suggests that the principal structural changes at low pH involve differences in the packing
of the dimers rather than changes in the α-helix monomer structures. This is most apparent as a slight
movement apart and a decreased extent of winding of the two α-helices around each other at low pH
(Figure 6-6B−D).

Table 6-1. Statistics for the 20 Lowest-Energy NMR Structures of GCN4p at Different pH Values
pH 6.6

pH 4.4

pH 1.5

total no. of NMR restraintsa

862

650

702

no. of distance restraints (total)

736

512

574

intraresidue NOEs

272

152

220

sequential NOEsb

150

116

150

154

96

102

0

2

0

intrachain

576

366

472

interchain

108

94

70

hydrogen bonds (H-bond × 2)c

52

52

32

total no. of dihedral restraints

126

138

128

backbone (ϕ and ψ)

116

116

110

side chain (χ1)

10

22

18

0.042 ± 0.001

0.045 ± 0.001

0.043 ± 0.007

0.18 ± 0.03

0.10 ± 0.02

0.05 ± 0.03

3.2 × 10−3 ± 6 ×
10−5

3.5 × 10−3 ± 8
× 10−5

3.0 × 10−3 ± 5
× 10−5

angles (deg)

0.51 ± 0.01

0.53 ± 0.03

0.51 ± 0.01

improper torsions (deg)

0.97 ± 0.02

1.48 ± 0.02

1.23 ± 0.03

−267 ± 5

−215 ± 5

−246 ± 5

−2557 ± 35

−2363 ± 18

−2312 ± 20

medium-range NOEs (|i − j| ≤

4)b

long-range NOEs (|i − j| > 4)b

Residual Restraint

Violationsd

NOE (Å)
dihedral (deg)
RMSD from Ideal Geometry
bonds (Å)

Quality Scores
van der Waals energy (kcal/mol)e
electrostatic energy

(kcal/mol)e

Ramachandran statisticsf

99

most favored (%)

98.5 ± 0.4

96.6 ± 0.5

97.2 ± 0.7

allowed (%)

1.3 ± 0.4

3.0 ± 0.5

1.8 ± 0.4

generously allowed (%)

0

0

0.8 ± 0.5

disallowed (%)

0

0

0

ψ)f

1.2 ± 0.1

0.5 ± 0.2

0.5 ± 0.2

Clashf

Molprobity
RMSD from the Mean NMR Structure of the α-Helix Monomer
Only (Å)g

−3.7 ± 0.3

−5.2 ± 0.2

−4.8 ± 0.3

backbone (C, N, Cα, O)

0.30 ± 0.02

0.28 ± 0.02

0.44 ± 0.03

0.44 ± 0.02

0.38 ± 0.02

0.67 ± 0.04

backbone (C, N, Cα, O)

0.35 ± 0.02

0.38 ± 0.04

0.54 ± 0.04

heavy atoms
RMSD from the 2ZTA X-ray Structure of the α-Helix Monomer
(chain A) Only (Å)g,h

0.50 ± 0.0

3 0.48 ± 0.0

4 0.78 ± 0.05

backbone (C, N, Cα, O)

0.51 ± 0.02

0.57 ± 0.02

0.60 ± 0.04

heavy atoms

0.67 ± 0.03

0.93 ± 0.03

0.89 ± 0.05

backbone (C, N, Cα, O)

0.79 ± 0.02

0.73 ± 0.02

0.90 ± 0.04

heavy atoms

1.04 ± 0.05

1.22 ± 0.05

1.38 ± 0.07

Procheck (ϕ,

heavy atoms
RMSD from the Mean NMR Structure of the Dimer

(Å)g

RMSD from the 2ZTA X-ray Structure of the Dimer (Å)g,h

a

All distance and dihedral restraints were included twice, once for each magnetically equivalent
monomer chain in the symmetric dimer. Distance restraint groups were compiled using Queen
(http://www.cmbi.ru.nl/software/queen) [69]
b
The range classification is for the intrachain NOEs only. For a discussion of the range classification
of the interchain NOEs, see Results.
c
To maintain H-bond linearity, two restraints (NH−O and N−O) were included for each interaction.
d
Values are reported as means ± the standard error of the mean. There were no distance restraint
violations greater than 0.4 Å or dihedral violations greater than 5°.
e
Values obtained from ARIA.34
f
Calculated using the Protein Structure Validation Suite (http://psvs-1_5-dev.nesg.org) [70]
g
Structures were superposed, and RMSDs were calculated using the align function of PyMol.35 hThe
RMSDs for comparisons between average NMR structures at the different pH values are as follows:
pH 6.6 vs pH 4.4 (0.55, 1.21, 0.62, 1.22), pH 4.4 vs pH 1.5 (0.76, 1.22, 0.84 1.28), and pH 6.6 vs pH
1.5 (0.78, 1.36, 1.42, 1.87), where the first number is the backbone comparison for the monomers, the
second the heavy atom comparison for the monomers, the third the backbone comparison for the
dimers, and the last the heavy atom comparison for the dimers.
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Figure 6-6. Backbone structures of GCN4p. A. Set of six X-ray structures determined between pH 8.5
and 6.0 (PDB entries 2ZTA, 1ZII, 1ZIK, 1ZIL, 2AHP, and 4TL1). NMR ensemble of the best 20
structures at B. pH 6.6, C. pH 4.4, and D. pH 1.5. Backbone atoms (C′, N, Cα, and O) are colored
gray. Side-chain atoms of the 2-fold symmetry-related monomers are labeled according to their
sequence and heptad repeat positions (a, green and orange; d, cyan and red). E. Ribbon diagram of the
2ZTA X-ray structure illustrating the Crick parameters used for analysis of the coiled coil structures
(see Table 6-2 and the main text).

101

Figure 6-7. Effects of pH on the precision of side-chain conformations for acidic and basic residues
that have the potential to form ion pairs (see Table 6-2). A. Reference set of six X-ray structures
determined between pH 8.5 and 6.0. Ensembles of the 20 lowest-energy NMR structures at B. pH 6.6,
C. pH 4.4, and D. pH 1.5. Note that the pH-dependent increase in surface side-chain structure
heterogeneity is larger than that for the buried hydrophobic residues in a and d heptad repeat positions
(Figure 6-3).
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Acidic pH Causes Unwinding of the GCN4p Superhelix.
To obtain a quantitative description of the changes in the GCN4p structure with a decrease in pH,
we analyzed the three sets of NMR structures using the CCCP (Coiled Coil Crick Parameterization)
program [142]. The program fits α-helices in superstructure to mathematical parameters for an idealized
coiled coil developed by Crick [153]. The subset of these parameters used in our analysis is illustrated in
Figure 6-6E, and the average values in different GCN4p structures are listed in Table 6-2.
Parameters R1 and R0 refer to the radii of α-helix monomers and of the supercoil in the dimer,
respectively (Figure 6-6E). α-Helix radius R1 fluctuates between 2.1 and 2.2 Å, with little difference from
the 2.1 Å mean in the set of X-ray structures (Table 2). Thus, the radii of the α-helix monomers are
conserved as a function of pH and between the NMR and X-ray structures. R0, which is related to the
distance between the axes of the two α-helices in the dimer, shows a small but systematic increase of 0.2
Å between pH 6.6 and 1.5, indicating that the α-helices are moving slightly apart at acidic pH (Table 6-2).
The Xray structures have an R0 larger than that of the NMR structures at any pH. This discrepancy could
be due to differences between the solution and the crystals or a systematic offset in the calibration of
intermolecular NOEs, so that the increase in R0 with a decrease in pH within the set of NMR structures is
likely to be genuine.
ω1 and ω0 refer to the frequencies, or the degrees of twist, of the α-helices and the supercoil,
respectively (Figure 6-6E). ω0 is the angle the superhelix turns around the coiled coil axis for each
residue, and ω1 is the corresponding parameter for the turn per residue around the α-helix axis. Both
parameters appear to show systematic changes with a decrease in pH (Table 6-2). An analysis of a
database of ∼860 coiled coil structures showed that the ω0 parameter in left-handed coiled/coils ranges
from 0 for parallel helices to −8.7 for the most tightly wound coiled coils, with the negative sign
indicating a left-handed superhelix.23 The mean value of ω0 for this database was −3.5° per residue.
Thus, a complete 360° turn of the superhelix occurs for an average value of 360/3.5 = 103 residues. For
the pH 6.6 NMR structures, the ω0 value of −4.8° per residue indicates that a complete turn of the
superhelix occurs over 75 residues. For the pH 1.5 NMR structures, the ω0 of −2.7° per residue implies
103

133 residues are needed for a turn of the superhelix, corresponding to an increase of ∼75% compared to
that at pH 6.6. On the basis of the NMR structures, the superhelix unwinds with a decrease in pH. It is
interesting to note that the ω0 of −3.8° per residue for the set of X-ray structures near neutral pH is larger
than the average of −4.8° per residue for the pH 6.6 NMR structures (Table 6-2). Thus, under similar
conditions near neutral pH, the pH 6.6 NMR structures appear to be more tightly wound than the Xray
structures. A possible source of this difference is that crystal lattice packing contacts may stretch the
coiled coil structure or sterically occlude the winding of α-helices in the crystal compared to the solution
state. Another possibly significant factor is that the peptide used for the NMR structures has differences at
the N- and C-termini from those used for crystallography (described in Experimental Procedures), which
may affect supercoiling.
ω1, the turn per residue in an α-helix, has idealized values of 360/3.6 = 100.0° per residue for
regular a-helices and 360/3.5 = 102.8° per residue for a left-handed coiled coil because of the
hydrophobic packing constraints imposed by the seven-residue heptad repeat sequence. In the GCN4p Xray structures and in the pH 6.6 NMR structures, the ω1 values are close to the 102.8° per residue ideal of
a coiled coil. As the pH is decreased, there is a decrease in ω1 toward the 100.0° per residue limit of a
regular a-helix (Table 6-2). It has been noted [142] that for the database of ~860 coiled coil structures ω1
is anticorrelated to ω0 (R = -0.7). We see a similar inverse correlation (R = -0.9) for the rather limited data
set of three pH points in the study presented here. The changes in ω1 with a decrease in pH are small and
only slightly larger than the spread of values within the NMR ensemble at each pH. Nevertheless, the
small decreases in ω1 are consistent with the loosening of the coiled coil superhelix exemplified by the
more substantial increases in ω0 as the pH is decreased.
In addition to the parameters given above, we looked at rise per residue, d, which is close to the
ideal value of an α-helix of 1.5 Å/residue and shows no change with pH. Zoff, the axial offset between
equivalent positions in the α-helix monomers, fluctuates randomly near zero, as expected for a parallel
coiled coil that maintains its 2-fold symmetry, demonstrated by magnetically equivalent monomers in the
NMR spectra.
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Finally, we examined side-chain packing in the GCN4p structures with SOCKET [143]. Coiled
coils exhibit characteristic “knobs-into-holes” side-chain packing interactions. The knob formed by a
heptad a position is surrounded by a diamond of holes comprised of d-1g-1ad positions from the opposite
helix, where the subscript ±1 indicates positions in neighboring heptads [143]. Similarly, a d knob is
surrounded by holes formed by residues adea+1. Using a default 7.0Å packing distance cutoff, the
SOCKET program identifies seven knobs-into-holes units per chain in the 2ZTA X-ray structures.
Designated by the knobs, they are L5d, V9a, L12d, N16a, L19d, V23a, and L26d (the superscript indicates
the heptad position). All of the knobs into-holes units above are conserved in the pH 6.6 NMR structure.
For the pH 4.4 structure, only the C-terminal L26d unit is lost, while for the pH 1.5 NMR structure, the Nterminal L5d unit is lost. With a tighter packing distance cutoff of 6.0Å, all seven of the knobs-into-holes
units survive in the pH 6.6 structures, but only four persist in the pH 4.4 and 1.5 structures. The units that
are lost in each case are those closest to the ends of the polypeptide chain. Thus the knobs-into-holes
packing of the GCN4p dimer is retained across the pH range studied, indicating the coiled coil structure is
maintained. There is, however, a loosening of the dimer interface for the N-and C terminal ends at low
pH, concomitant with the relaxation of the coiled coil superhelix.
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Table 6-2. Effects of pH on Supercoil Parameters and Ion Pair Distancesa
pH 6.6

pH 4.4

pH 1.5

X-ray setb

4.54 ± 0.02
2.16 ± 0.01

4.60 ± 0.02
2.19 ± 0.01

4.75 ± 0.05
2.17 ± 0.02

4.84 ± 0.03
2.13 ± 0.06

ω0, superhelix frequency (deg/residue)
ω1, helix frequency (deg/residue)

−4.78 ± 0.08
102.36 ± 0.09

−3.18 ± 0.11
102.17 ± 0.08

−2.66 ± 0.16
101.87 ± 0.36

−3.78 ± 0.07
105.51 ± 1.13

d, rise/residue (Å)
Zoff, chain axial offset (Å)

1.494 ± 0.000
0.013 ± 0.002

1.463 ± 0.002
0.007 ± 0.001

1.486 ± 0.005
0.010 ± 0.002

1.54 ± 0.01
0.002 ± 0.003

Crick Supercoil Parametersc
R0, superhelix radius (Å)
R1, helix radius (Å)

Ion Pair Distances (Å) and Fractions of Hydrogen-Bonded Salt Bridgesd
intrachain
E11−K8 (intra)

7.6 ± 0.7 (15%)

7.5 ± 0.4 (0%)

7.5 ± 0.4 (0%)

3.8 ± 0.4 (42%)

E11−K15 (intra)
E22−R25 (intra)

8.4 ± 0.3 (0%)
4.9 ± 0.6 (50%)

7.8 ± 0.4 (0%)
6.7 ± 0.5 (0%)

7.0 ± 0.2 (0%)
5.3 ± 0.5 (5%)

6.4 ± 1.0 (0%)
4.2 ± 0.4 (42%)

interchain
E20−K15′ (inter)

4.0 ± 0.3 (55%)

6.0 ± 0.4 (5%)

7.4 ± 0.4 (0%)

5.6 ± 0.6 (17%)

E22−K27′ (inter)

5.2 ± 0.3 (20%)

7.0 ± 0.4 (0%)

8.2 ± 0.3 (0%)

3.7 ± 0.2 (25%)

a

Values that show a consistent trend with pH (increase or decrease) are indicated in bold.
Six X-ray structures of GCN4p crystals grown between pH 8.5 and 6.0, deposited as PDB entries
2ZTA, 1ZII, 1ZIK, 1ZIL, 2AHP, and 4TL1.
c
Parameters were calculated with the Coiled Coil Crick Parameterization (CCCP) server
(http://www.grigoryanlab.org/cccp).23 Values are reported as means ± the standard error of the mean
over the ensemble of 20 NMR structures at each pH.
d
The reported distances are the closest approach values between the charged side-chain N and O atoms
of the respective ion pairs. For the NMR structures, 50 distances were averaged at each pH (25 NMR
structures × 2 monomers). For the X-ray set, 12 distances were averaged (6 X-ray structures × 2
monomers). The value in parentheses gives the percent of structures (NMR and X-ray) in which the
stated interaction forms a hydrogen-bonded salt bridge.
b
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Acidic pH Disrupts Ion Pairs in the NMR Structures.
Because the changes in the GCN4p structures are associated with pH, we wanted to see the extent
to which charge−charge interactions are involved. Parallel dimeric coiled coils have the potential to form
intrahelical ion pairs between oppositely charged residues with an i, i + 3 or i, i + 4 sequence spacing
because of the periodic nature of α-helical structure, as well as intermolecular ion pairs between residues
with an i, i + 5′ sequence spacing particularly involving heptad repeat positions e and g [37, 49, 154,
155].There are five potential ion pairs in GCN4p (Table 6-2): three are intramolecular (E11−K8,
E11−K15, and E22−R25), and two are intermolecular (E20−K15′ and E22− K27′). Four of the five
potential ion pairs are observed as hydrogen-bonded salt bridges in the 2ZTA X-ray structure of GCN4p,
but none are replicated on both chains of the 2-fold symmetric dimer. Moreover, the salt bridges in the
2ZTA structure are poorly conserved between GCN4p structures (Figure 6-7A). For example, the
intramolecular E22−R25 interaction seen on chain A of the 2ZTA structure is observed on chains A of the
1ZIK, 1ZIL, and 4TL1 structures but not on either chain of the 1ZII or 2AHP X-ray structure. If we
calculate closest approach distances between oppositely charged moieties for both chains in the set of
GCN4p X-ray structures, the average values are more consistent with long-range ion pair interactions
than with H-bonded salt bridges that have to satisfy a heavy atom distance cutoff of 3.5 Å (Table 6-2).
Alternatively, if we consider hydrogen-bonded salt bridge interactions, these occur in only a fraction of
the X-ray structures (percent values in parentheses in Table 6-2).
The two intermolecular E20−K15′ and E22−K27′ ion pairs form hydrogen-bonded salt bridges in
55 and 20% of the NMR structures at pH 6.6, respectively, fractional populations similar to those in the
X-ray set (Table 6-2). The proximity between these residues at pH 6.6 is supported by intermolecular
NOEs between the side chains of E22 and K27 (Figure 6-5C) and E20 and K15 (not shown) that
disappear at lower pH values. With decreasing pH, the closest contact distances between oppositely
charged atoms in the two intermolecular ion pairs increase to values of >7Å (Table 6-2), which are
probably too large to support electrostatic interactions. Thus, the two intermolecular ion pairs appear to be
present in solution at pH 6.6 but are disrupted at lower pH values when the acidic glutamate residues
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become neutralized. The two intermolecular ion pairs bring together residues at nonequivalent positions
in the sequence across the dimer interface. This should favor supercoiling of the structure, whereas at low
pH, the loss of these relatively long-range intermolecular contacts could contribute to the partial
unwinding of the supercoil.
Of the three possible intramolecular ion pairs, the E11−K15 pair is not seen in the NMR or X-ray
structures (Table 6-2), making it unlikely that a charge interaction between these residues occurs. Because
of severe crowding of the lysine and glutamate side-chain resonances in the 13C NOESY spectra, we were
unable to detect intramolecular NOEs that support the E11−K8 or E22−R25 ion pairs. The E22−R25 side
chains, however, are within ion pairing distance across the entire pH range (Table 6-2). Thus, the residues
are fixed in proximity by the rest of the structure, in spite of the absence of direct distance constraint data.
The E22−R25 pair forms intramolecular hydrogen-bonded salt bridges in 50% of the NMR structures at
pH 6.6, a fractional population comparable to that seen for the X-ray set (Table 6-2). Although short sidechain distances for the E22−R25 pair persist in the lower-pH structures, the residues no longer maintain
orientations compatible with hydrogen bonding at acidic pH. The possible E11−K15 ion pair gives
uniformly large distances of >7Å in the NMR structures at all three pH values. We cannot exclude the
presence of this ion pair, however, because NMR spectral crowding may have obscured NOE distance
contacts that support an interaction between the residues.
At low pH, there is also the potential for basic residues R25−K27 to participate in a repulsive
charge−charge interaction. The average distances between R25 and K27, however, are >7Å in the NMR
structures at all pH values, making it unlikely that this repulsive interaction plays a role in the structure. In
summary, the ion pair analyses suggest that pH-dependent changes in the NMR structures of GCN4p are
linked to the disruption of the intermolecular E20−K15′ and E22−K27′ interactions and the intramolecular
E22−R25 interaction. The E11−K8 interaction could not be characterized, while attractive E11−K15 and
repulsive R25−K27 interactions do not appear to occur.
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How Disruption of Intermolecular Ion Pairs Leads to Superhelix Unwinding.
The differences in the NMR structures going from near-neutral to acidic pH include an increased
separation between oppositely charged residues in ion pairs and an increase in the average value of
superhelix parameter ω0, implying a partial unwinding of the coiled coil. We wanted to test if the loss of
superhelicity at low pH was due to a decrease in the precision of the pH 1.5 structures, because these are
constrained by a smaller number of NOEs. To this end, we cross-validated the pH 6.6 structures against
the pH 1.5 restraints and the pH 1.5 structures against the pH 6.6 restraints. In each of the cross-validation
tests, ∼10% of the NOEs gave violations of >0.5Å. The dihedral angles showed fewer violations, with
0−3% of restraints being violated by more than 5°, because GCN4 maintains its α-helical secondary
structure between pH 6.6 and 1.5. The largest distance violations on the order of 3−6 Å predominantly
involved the charged residues that participate in ion pairs at neutral pH. For example at pH 1.5, the Hε
proton of K15 gives an interchain NOE to the L13 methyl Hδ2 protons that is not seen at pH 6.6.
Similarly, the E22 HN proton gives an intrachain NOE to the L19 Hδ1 methyl group only at pH 1.5.
Presumably, these NOEs are lost because of the rearrangements that accompany the interchain K15−E20′
ion pair interaction at pH 6.6. The cross-validation analysis shows that the NMR structures at pH 6.6 and
1.5 are distinct, rather than the lower-pH structure corresponding to a less precise version of the high-pH
structure. The changes in NOEs for the charged residues with pH need not correspond to the difference in
superhelicity between the structures but could result from localized rearrangements of the charged side
chains.
We hypothesized that the interchain E20-K15' and E22-K27' ion pairs favor a more negative
superhelix frequency ω0, because they bring together residues in nonequivalent sequence positions The
distance contacts for the E20−K15′ and E22−K27′ ion pairs at pH 6.6 have the largest sequence
separation among the interchain NOEs, where iA − jB = 5, where iA is the sequence position of the first
residue in chain A and jB is the position of the second residue in chain B. In the pH 6.6 data set, there are
seven additional NOEs for which iA − jB = 4 and six for which iA − jB = 3. The 39 remaining interchain
NOEs at pH 6.6 are between residues on opposite chains that are separated by zero to two positions in the
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sequence (2 ≥ iA − jB= 0). The numbers of both long-range and short-range interchain NOEs decrease in
the pH 1.5 data set. At pH 1.5, there are no NOEs for which iA − jB = 5 as the interchain ion pair
interactions are lost, five NOEs for which iA − jB = 4, four for which iA − jB = 3, and 26 short-range NOEs
for which 2 ≥iA − jB = 0. To test the hypothesis that the superhelix frequency depends on the register of
the interchain distance contacts, we performed structure calculations with simulated data sets excluding
NOEs with different iA − jB values. The calculations were performed with the X-plor NIH program,
without the water refinement step used for the final structures. For each simulation, 100 structures were
calculated, and the 10 lowest energy structures without NOE violations of >0.5Å and dihedral violations
of >5° were analyzed (Figure 6-8). Using the entire pH 6.6 restraint set, we obtained a mean superhelix
frequency ω0 of −4.6° per residue (Figure 6-8), comparable to the value of −4.8° per residue for the pH
6.6 structures after water refinement (Table 2). Excluding just two NOEs with the largest register number
iA − jB = 5, due to the E20−K15′ and E22−K27′ ion pairs at pH 6.6, changed the superhelix frequency to
−3.7° per residue. Further removing the seven interchain NOEs for which iA − jB = 4 from the pH 6.6
restraint set increased ω0 to −2.9° per residue, and additionally, excluding the six iA − jB = 4 interchain
NOEs gave an ω0 of −3.2° per residue. Thus, the supercoiling of the coiled coil is predominantly favored
by interchain NOEs between residues with a large difference in sequence position. As a control, we
performed a simulation in which we randomly removed half of the 39 short-range interchain NOEs with
an iA − jB index between 0 and 2 but kept the NOEs for which iA − jB > 2. In this control, ω0 was −4.3°
per residue, a value comparable to that using the full pH 6.6 restraint set. In a final test, we supplemented
the pH 1.5 restraint set with the two interchain K15(ε)−E20(Hγ) and E22(Hβ1)−K27(Hε) ion pair NOEs
from the pH 6.6 restraint set. We obtained 10 conformers with no restraint violations in this simulation,
indicating the structures could converge to solutions that satisfied both the pH 1.5 restraints and the two
artificially introduced long-range restraints from the pH 6.6 data set. ω0 changed from −2.0° per residue
with the pH 1.5 restraints alone to −2.7° per residue when the two iA − jB = 5 NOEs due to the interchain
E20−K15′ and E22−K27′ ion pairs were added. The superhelix became more wound when the two long-
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range contacts from the pH 6.6 restraint set were included but not as much as in the pH 6.6 structures,
because the restraints were specific to the pH 1.5 data set.
Taken together, the results of the simulations show that superhelix frequency parameter ω0
becomes more positive as the number of long-range interchain distance contacts decreases. The pH 1.5
structure is unwound compared to that at pH 6.6, not solely because of an overall decrease in structural
precision but because of the specific loss of the E20−K15′ and E22−K27′ interchain ion pairs at low pH.
Conversely, the interchain ion pairs constrain residues with a relatively large i A− jB = 5 sequence
separation across the dimer interface, leading to a greater superhelical twist at pH 6.6. The changes in ω0
when the two interchain ion pair NOEs are removed are not as large as the difference between the pH 6.6
and 1.5 structures calculated with the full complement of restraints. This suggests that factors other than
the interchain ion pairs are involved. As previously noted, the knobs-into-holes packing characteristic of
coiled coils is largely maintained between neutral and acidic pH, but the packing is looser in the pH 1.5
structures particularly at the chain termini. The disruption of inter- and intrachain ion pairs at low pH
could indirectly affect the knobs-into-holes packing interface, which may in turn also contribute to the
unwinding of the coiled coil at low pH.
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Figure 6-8. Relationship between inter-chain NOE register and the superhelix frequency parameter
ω0. For the following, each NOE was included twice in structure calculations because of the two-fold
symmetry of the coiled coil dimer. The indices iA and jB refer to sequence positions in chains A and B,
respectively. At pH 6.6, the distribution of inter-chain NOEs is as follows iA-jB = 5 (2), iA-jB = 4 (7),
iA-jB = 3 (6), 2 ≥ iA-jB = 0 (39), where the value in parenthesis is the number of each type of inter-chain
NOEs. At pH 1.5, the inter-chain NOE distribution is iA-jB = 5 (0), iA-jB = 4 (5), iA-jB = 3 (4), 2 ≥ iAjB = 0 (26). For each set of simulations, 100 structures were calculated with the program X-plor NIH
(without water refinement), and the 10 lowest energy structures without NOE or dihedral violations
were analyzed. (Set A) All of the restraints for the pH 6.6 structures. (Set B) Same as set A but
excluding the two inter-chain NOEs K15(ε)-E20(Hγ) and E22(Hβ1)-K27(Hε) due to the inter-chain
ion pairs. The two iA-jB = 5 distance contacts are the longest-range inter-chain NOEs observed in
GCN4p. (Set C) Same as set B but with all seven iA-jB = 4 additionally removed. (Set D) Same as set
C but with all six iA-jB = 3 additionally removed. (Set E) Control calculation starting from Set A but
omitting 19 randomly selected short=range 2 ≥ iA-jB = 0 inter-chain NOEs. The number of NOEs
omitted in Set E is comparable to that in Set D. (Set F) The complete restraint set for the pH 1.5
structures. (Set G) The pH 1.5 restraint set, supplemented with the two inter-chain ion pair iA-jB = 5
NOEs from the pH 6.6 structure: K15 (ε)-E20(Hγ) and E22(Hβ1)-K27(Hε).
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Hydrogen Exchange in GCN4p Is Dominated by Localized Dynamics.
Goodman and Kim [130] measured HX for GCN4p at pH 7 (Figure 6-9A) and noticed periodicity
in the data similar to that for HN chemical shifts (Figure 6-1A). To aid visualization, the HX data for
GCN4p in Figure 6-9 are expressed as exchange lifetimes, the inverse of the rate of exchange (τ=1/kex)
[156].50 At pH 7, residues in heptad positions a, d, and e show strong HX protection while those in
positions c and f show weak protection (Figure 6-9A). The protected amides are sheltered from solvent
because they lie at the bottoms of the “holes”, into which the hydrophobic knobs from positions a′ and d′
of the other α-helix are packed. By contrast, amide protons in positions c and f are farther from the dimer
interface and more exposed to solvent, leading to weaker HX protection [130].
To examine the effects of pH, we measured HX in GCN4p at pH 4.4 (Figure 6-9B) and pH 1.5
(Figure 6-9C). In contrast to the data at pH 7, HX protection shows no discernible periodicity at pH 4.4 or
1.5. The exchange lifetimes of the protected amide protons at acidic pH are also more uniform than at pH
7.0. The differences in HX could arise from changes in the structure at low pH or an increase in dynamics
that overshadows the variation in protection observed at neutral pH. The latter explanation is more likely.
HX is base- and acid-catalyzed, so that exchange lifetimes above a maximum near pH ∼5 should decrease
by a factor of 10 for every change of 1 pH unit [93]. The observed decrease between pH 7.0 and 4.4,
however, is only a factor of 10, compared to an expected factor of 100−1000 due to base-catalyzed HX.
Between pH 4.4 and 1.5, HX lifetimes have the same magnitude, while an ∼1000-fold decrease is
expected due to acid-catalyzed exchange. The stability of GCN4p based on urea denaturation experiments
decreases by ∼2 kcal/mol of dimer between pH 7 and 2 [37], so that changes in stability cannot account
for the discrepancy in the pH dependence of HX lifetimes. Rather, the invariance of HX lifetimes with pH
points to exchange occurring in the EX1 regime, where it is independent of pH [93, 157]. In the EX1
regime, which is promoted at pH extremes by acid or base catalysis, HX depends on the kinetic rates of
fluctuation that produce “open” exchange susceptible states. By contrast in the EX2 regime, the hallmark
of which is a pH dependence of HX rates, HX depends on the stability of the structure. The HX
periodicity at pH 7.0 is therefore probably lost at acidic pH, because in the EX1 limit localized dynamic
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fluctuations dominate HX processes to an extent that obscures the effects of hydrogen bond length
variations.

Figure 6-9. Effects of pH on hydrogen exchange lifetimes:A. pH 7.0, B. pH 4.4, and C. pH 1.5 The
data at pH 7.0, were taken from a previously published paper11 and are shown for comparison with the
new results at pH 4.4 and 1.5 from this work. Experiments at pH 7.0 were performed at 6°C,
compared to 10°C at pH 4.4 and 1.5. The periodicity in hydrogen exchange at pH 7.0 noted by
Goodman and Kim11 (A) is no longer observed at acidic pH values (B and C). Note the logarithmic
scale for the y-axis. Gray data points indicate amide protons that exchange too fast to measure. Gaps
correspond to sites that could not be analyzed because of overlap in the spectrum.
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Acidic pH Leads to Increased Flexibility for Side Chains in Ion Pairs.
We next examined backbone dynamics on the picosecond to nanosecond time scale at the three
pH values used for structure determination using 1H−15N NOE cross-relaxation (Figure 6-10). The 1H−15N
NOE values are close to the theoretical maximum of 0.8, showing that the α-helix monomers remain
stably folded over the entire pH range. There is a slight decrease in the baseline mean value for the
H−15N NOEs, from ∼0.8 at pH 6.6 (Figure 7A) to ∼0.7 at pH 1.5 (Figure 6-10C). This suggests a small

1

increase in backbone flexibility between the two pH values that may be related to the precision of the pH
1.5 NMR (Figure 6-6D) structures being slightly lower than the precision of those determined at pH 6.6
(Figure 6-6B).
Because changes in backbone dynamics of GCN4p were minimal, we wanted to see if a decrease
in pH might have a stronger effect on side-chain dynamics. To investigate sidechain dynamics, we
measured 13C rotating frame T1 relaxation values (T1ρ) for methylene groups in GCN4p. Wherever
possible, the methylene carbons farthest from the backbone were selected, as indicated on the x-axis of
Figure 6-11. The 13C relaxation data are represented as R1ρ values, where R1ρ = 1/T1ρ. Data obtained at
pH 6.6 and 1.5 are shown with gray and white bars, respectively. For most of the sites, the R1ρ values at
pH 1.5 are smaller than at pH 6.6, indicating an overall increase in sidechain flexibility at lower pH
(Figure 6-11). Particularly large differences occur for the sites denoted by the arrows, corresponding to
four acidic and basic residues in the ion pairs of GCN4p: E11 (E11−K8), E20 (E20−K15′), E22 (both
E22−R25 and E22−K27′), and R25 (E22−R25). The remaining acidic and basic residues could not be
resolved in the NMR spectrum. The results suggest that there is an increase in side-chain flexibility at low
pH, with the increase being especially large for residues in the ion pairs that are disrupted at acidic pH.
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Figure 6-10. Backbone dynamics investigated by 1H−15N NOEs at A. pH 6.6, B. pH 4.4, and C. pH
1.5. All measurements were taken at 600 MHz and 25°C.
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Figure 6-11. Effects of pH on side-chain dynamics probed with 13C R1ρ measurements of methylene
carbons. All experiments were performed on a 600 MHz spectrometer at 25°C. The relaxation rate,
R1ρ, is the inverse of the time constant for T1 relaxation in the rotating frame (R1ρ = 1/T1ρ). Thus,
sites with small R1ρ values (e.g., at the chain termini) have increased dynamics. The 13C nuclei probed
for each residue are identified on the x-axis of the plot, and the residue heptad repeat position is
indicated at the top of the figure. Gray and white columns denote data obtained at pH 6.6 and 1.5,
respectively. For L19, we could measure R1ρ only at pH 6.6. Arrows indicate acidic and basic
residues that have a potential to form ion pairs and were resolved in NMR spectra. These sites show a
large decrease in R1ρ from pH 6.6 to 1.5, indicating a large increase in side-chain dynamics at acidic
pH.
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Discussion
There has been considerable controversy regarding the role of charge−charge interactions in
stabilizing coiled coil structures [49, 139]. The sequences of coiled coils lend themselves to ion pair
formation [137, 155], and numerous studies have found that ion pairs contribute to the stabilities of coiled
coils [27, 139, 158]. The GCN4p structure 2ZTA,14 the first X-ray structure of a coiled coil dimer, shows
many of the ion pairs predicted from the amino acid sequence, but these are not conserved between the
two chains in the dimer or in some of the other X-ray structures of GCN4p. Mutagenesis of the charged
residues that participate in the ion pairs can lead to large stability losses; however, such substitutions can
have multifarious effects, extending beyond a perturbation of the Coulombic energy between two charges
[27, 37]. NMR studies show that the pH titratable residues of GCN4p have only small shifts in pKa
values from random coil models, suggesting that the charging of these residues makes only small
contributions to stability [37, 49, 154]. In at least one case, E20, the pKa shift is more consistent with a
residue being involved in a destabilizing repulsive interaction between like charges than in a stabilizing
ion pair [49]. To better understand the roles of electrostatic interactions in stabilizing coiled coils, we
determined a complete set of pKa values for all pH titratable acidic and basic residues in GCN4p [37].
The shifts of the pKa values determined by NMR from random coil models were used to calculate
contributions to the stability of GCN4p from the titration of individual sites, and these contributions were
compared to stability data from urea denaturation curves followed by CD (circular dichroism) over a
range of pH values from 2 to 12. Both numerical integration of the differences in proton binding
calculated from NMR-derived pKa shifts between the native and denatured state and pKa values
calculated from the 2ZTA X-ray structure failed to match the experimental stability data at low pH [37].
The experimental value for the stability of GCN4p based on urea denaturation experiments decreases
from 9 kcal/mol of dimer at pH 7 to 7 kcal/mol of dimer at pH 2 [37]. The stability predicted at pH 2 from
the 2ZTA X-ray structure of GCN4p (determined at pH 7) was ∼5 kcal/mol of dimer, an underestimate of
∼2 kcal/mol of dimer. By contrast, the stability at pH 2 predicted from the pKa differences between the
native protein and random coil values was ∼8.5 kcal/mol of dimer [37], an overestimate of 1.5 kcal/mol
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of dimer [37]. As discussed below, neither the assumption that the structure of GCN4p is invariant
between neutral and acidic pH nor the assumption that the GCN4p coiled coil unfolds in a strict two-state
transition is likely to be correct.
The NMR structures determined in this work show that while the coiled coil motif is conserved,
there are changes in the structure and dynamics of GCN4p at low pH. These include (i) a partial
unwinding of the coiled coil superhelix, (ii) a small increase in the separation between the α-helix
monomers, (iii) a loosening of the knobs-into-holes packing near the chain termini of the coiled coil, and
(iv) an increase in side-chain dynamics, particularly for residues that participate in ion pairs at neutral pH.
The increase in flexibility of titratable residues as ion pairs become broken could be due to the weakening
of interactions between charged groups on the protein or changes in the interactions between the charged
groups and solvent. The intermolecular E20−K15′ and E22−K27′ ion pairs bring together residues in
nonequivalent sequence positions across the dimer interface, which favors supercoiling of the structure.
Disruption of the intermolecular ion pairs is thus likely to account for the partial unwinding of the coiled
coil superhelix observed in the NMR structures at low pH. In as much as interchain charge interactions
are favored between heptad e and g positions, at a separation of five residues, ion pairs could play a
general role in determining supercoiling in addition to the packing of hydrophobic residues.
The changes in structure and dynamics accompanying acidification suggest that the 2ZTA X-ray
structure of GCN4p determined at neutral pH is not an appropriate model for the behavior of the coiled
coil at extremes of pH. The difference between neutral and acidic pH is not just a turning off of
electrostatic interactions. Structural rearrangements in the protein, and possibly between the protein and
solvent, accompany the loss of ion pairs at acidic pH. These differences, for example, a favorable entropic
contribution from the increase in side-chain dynamics at acid pH, may be why the use of the neutral-pH
2ZTA X-ray structure underestimates the stability of the coiled coil at low pH [37].
By contrast, integration of the pKa shifts between the GCN4p coiled coil and random coil model
compounds overestimates the contributions of ion pairs to unfolding stability at low pH. In spite of the
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structural evidence supporting the intermolecular E20−K15′ and E22−K27′ ion pairs at neutral pH, the
acidic residues involved, E20 and E22, have pKa values of 4.4 and 4.2, respectively, compared to the
random coil value for glutamate of [37, 126, 159]. Note that E22 is also involved in the intramolecular
E22−R25 ion pair (Table 6-2). It is possible to calculate the change in stability of a protein from the
protonation of a residue, using a thermodynamic linkage analysis that considers the shift in pKa of the
native state compared to that of the denatured state: ΔΔGtitr = ΔGU −ΔGUH = −2.303RT(pKaU − pKaF)
[49, 160]. Using this analysis, the contribution from protonation of E22 at low pH is close to zero while
that for E20 is positive (∼0.4 kcal/mol of dimer depending on the random coil model), indicating an
unfavorable contribution from the charged state of the glutamate, possibly due to a repulsive interaction
between like charges [37, 49]. At the same time, the R25A mutation that disrupts the E22−R25 ion pair
causes a large decrease in the stability of GNC4p [27] and of the coiled coil trigger site [161]. Of the
acidic residues in GCN4p ion pairs (Table 6-2), only the charged state of E11 stabilizes the coiled coil by
1 kcal/mol of dimer, based on the pKa shift between its native (pKa = 4.05) and unfolded (pKa = 4.40)
state [37]. There thus appears to be an apparent discrepancy between the changes in the NMR structures
at different pH values, and the relatively small favorable and unfavorable contributions to the stability of
the coiled coil predicted by the thermodynamic linkage analysis of pKa values [37, 49, 160]. The first
reason for this disagreement is that the thermodynamic linkage analysis assumes pairwise electrostatic
interactions (e.g., ion pairs), and that contributions can be separated from other effects, like changes in
structure or solvation. Electrostatic interactions in GCN4p may in fact be more like a diffuse network of
couplings between multiple charges. For example, E22 participates in an intramolecular interaction with
R25 and an intermolecular interaction with K27′ (Table 6-2), and may be affected by a repulsive
interactions with E22′ from the other monomer [49]. A second assumption of the thermodynamic linkage
analysis is that the molecule is in a two-state equilibrium between folded and unfolded states [160]. There
is in fact evidence of an “X form” of GCN4p, which corresponds to a monomer with partially folded αhelical structure at acidic pH [131]. The X form is promoted at the expense of the coiled coil dimer at
acidic pH and low peptide concentrations. In the study presented here, the X form was largely suppressed
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by working with 1.5 mM GCN4p, a concentration 100-fold higher than the GCN4p concentration of 15
μM at which the X form dominates [131]. Nevertheless at pH 1.5, the most acidic condition studied, we
observe a trace amount of the X form in 1H−15N HSQC spectra (Figure 6-1C) with an X form/coiled coil
cross-peak volume ratio of ∼0.15. Indeed, the changes in the GCN4p NMR structures described in this
work, which point to a weakening of the dimerization interface at low pH, may provide a mechanism for
the formation of the monomeric X form. Additional evidence that GCN4p can sustain α-helical structures
in monomeric forms includes the p16−31 fragment corresponding to the coiled coil “trigger site”, which
has an α-helical content of ∼50% at neutral pH and a temperature of 5°C [161]. While there are
differences in the CD spectra of regular and coiled coil α-helices that arise from the superhelix twist, the
effects are rather subtle [135]. It would certainly not be possible to distinguish between an α-helical
monomer (e.g., the X form) from a coiled coil dimer using CD ellipticity at a single wavelength such as
222 nm, the method used to measure the pH dependence of GCN4p stability to urea unfolding [37]. Thus,
the assumption of a two-state unfolding could interfere with stability measurements, because when the
coiled coil breaks into α-helical monomers these will still contain residual α-helix structure that
contributes to ellipticity at 222 nm. Similarly in a multistate model in which the coiled coil dimer can
dissociate to a monomer with residual α-helical structure, the pKa values of the latter may be inaccurately
described by the random coil reference state, leading to errors in the predicted unfolding stability at
extremes of pH.
The motivation for this study was to see how the GCN4p structure responds to changes in pH that
disrupt ion pairs. To this end, we determined NMR structures at three pH values where the ion pairs are
fully formed, half-populated, and fully broken. The predominant changes in the structures with a decrease
in pH include an unwinding of the coiled coil and an increase in the separation of oppositely charged
residues that participate in ion pairs. When coupled with dynamics data that show the flexibility of the αhelix monomers is conserved but that there are increases in the extent of motion for side chains that
participate in the dimerization interface, the observations shed new light on the roles of ion pairs in
maintaining the coiled coil structure. The possibility of following molecular structure as a function of
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solution conditions is an inherent advantage of NMR and represents a relatively unexplored frontier.
There is clearly room for methodological improvements, including increasing the efficiency of structure
determination, for example, using only a subset of data. The potential for NMR to determine structures of
molecules visiting multiple conformational states promises the reward of a richer understanding of
processes important in all aspects of molecular biology, including protein folding, binding, and function.
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